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List of abbreviations 
 
BRs Brassinosteroids 
CB1 Cannabinoid receptor type 1 
COSY Correlated spectroscopy 
D.W. Dry weight 
ET Ethylene 
GABA -amino butyric acid 
GSTs Glutathione S-transferases 
HDL – Cholesterol High density lipoprotein – Cholesterol 
HMBC Heteronuclear multiple bonds coherence 
HPLC High performance liquid chromatography 
HSQC Heteronuclear single quantum coherence 
I-3-C Indole-3-carbinol 
IAA Indole acetic acid 
ISR Induced systemic resistance  
JA Jasmonic acid 
LDL – C Low density lipoprotein – Cholesterol 
concentration 
LDL – Cholesterol Low density lipoprotein – Cholesterol 
MeJA Methyl jasmonate 
MS Mass spectrometry 
M & S media Murashige and Skoog media 
NMR Nuclear magnetic resonance 
PCA Principal component analysis 
PLS-DA Partial least square-discriminant analysis 
ROS Reactive oxygen species 
SA Salicylic acid 
SAR Systemic acquired resistance 
TMSP Trimethyl silyl propionic acid sodium salt 
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The nutritional health and well-being of humans are entirely 
dependent on plant based food, as plants are critical components of the 
dietary food chain. Plants are a good source of health-promoting 
chemicals, providing almost all essential mineral and organic nutrients to 
humans either directly, or indirectly.
1
 





 are consumed all over the world and are an important part 
of human diet.
4
 As Brassica vegetables are rich sources of 
phytochemicals including amino acids,
5
 glucosinolates, flavonoids, 
vitamins and mineral nutrients.
6
 The variability in these bioactive food 
components depends on preharvest growth conditions and post harvest 
storage and/or processing conditions.
7
 The effects on health obviously 
also depends on the amount of consumption, and the food processing 
culture of the community.
8
 
Brassica secondary metabolites play an important role in its food 
quality. Besides the minerals and vitamins, plants can provide an array of 
interesting phytochemicals in the diet.
1
 A part from appearance and 
flavour of vegetables, these metabolites are also known for their 
biological activities
9-11





 and antiviral activities.
16
 Some of these phytochemicals 
may function solely as aforementioned activities, but many of these 
metabolites may activate adaptive cellular stress-response pathways, 
including neuron hormesis.
17
 On the other hand these compounds can 
also act as pro-oxidants under certain conditions.
13
  
During the growth period Brassica plants are frequently subjected 
to various biotic and abiotic stress factors.
18
 In this case secondary 
metabolites are useful products for plants, as stress response.
19
 The 
contamination of soils and water with metals has created a major 
environmental problem, resulting in major production losses and 
hazardous health problems.
20, 21
 At the same time plants have also been 
used for remediation of metals contaminated soil.
22
 In this case the 
degree of accumulation of toxic metals (Cd, Cu, Zn, Mn, and Fe etc.) 
depends on the type of metal and its concentration.
23, 24
 This results in the 
intensification of reactive oxygen species (ROS) generation, leading to 
the oxidative stress in plant cells.
20, 21
  
In the mean time environmental microorganisms play a critical 
role in the interaction of the plant with the soil. These microorganisms 
are also responsible for diverse metabolomic functions that affect soil 




 In this scenario the non-pathogenic bacteria can 
induce a similar systemic resistance in plants like pathogenic bacteria,
26
 
causing an alteration in plant metabolome, depending on the type of 
bacteria interacting with the plant.
27
 
 Preharvest growth stage and post harvest low temperature storage 
are also critical for the plant metabolome. Differences in plant 
metabolome at different developmental stages might be due to changes in 
channelling of precursors.
28
 While at low temperatures by the disruption 
of cell membranes and cell walls, phytochemicals are released that may 
lead to changes in the metabolites pool.
29
 Understanding the plant 
tolerance to 0
o
C or below 0
o
C temperatures and the relation to plant 
metabolite production is extremely complex.
30
 But the most important 
postharvest condition necessary for maintaining vegetable quality is low 
temperature, as it maintains cellular integrity,
31
 while extending the shelf 
life, as low temperature reduces the post harvest quality deterioration.
32
  
In response to these stress factors plants produce a diverse array 
of primary and secondary metabolites.
19, 21
 Especially amino acids, 
phenolics and glucosinolates play an important role in plant defence, 
either directly or indirectly.
13, 33
 
Generation of reliable metabolite profiling data for the 
investigation of the role of metabolites is necessary.
34
  As it is impossible 
to measure all metabolomic changes simultaneously,
30
 systems biology 
as a holistic approach can be used to examine different biological 
processes, operating as an integrated system and visualize how individual 
metabolomic pathways are interconnected to each other.
35
 Depending on 
selectivity and sensitivity different analytical approaches can be used. It 
includes nuclear magnetic resonance (NMR), thin layer chromatography 
(TLC), high performance liquid chromatography (HPLC), gas 
chromatography-mass spectrometry (GC/MS) and liquid 
chromatography-mass spectrometry (LC/MS).
35
 Among all 
aforementioned techniques, NMR spectroscopy is considered as, non-
destructive, highly reproducible, and easy for sample handling. It allows 
the analysis of a large group of compounds in a single run, and is the 
most suited quantitative and qualitative metabolomic technique.
36, 37
 It is 
used for high-throughput screening, metabolite fingerprinting, metabolite 
profiling and can also be used to investigate the operation of plant 
metabolomic networks.
38, 39
 Multivariate data analysis techniques 
coupled with aforementioned analytical techniques can be used to exploit 
a large data set for understanding and interpreting the information in an 
integrative manner
40
 as plotting the data in the space defined by the two 
Chapter 1 
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or three principal components, provides a rapid mean of visualizing 
similarities or differences in the data set.
35
 In this case Principal 
Component Analysis (PCA) is one of the oldest and most widely used 
multivariate techniques.
35, 41
 To make a clear discrimination in a data set 
partial least square-discriminant analysis (PLS-DA) as a supervised data 
analysis tool can also be applied
27
  to study the plant response to various 
stress factors. 
General introduction and outline of the thesis 
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Aim of the thesis 
 
The aim of the present study was to investigate the effect of 
preharvest and postharvest factors on the plant’s primary and secondary 
metabolite production by using a systems biology approach. 
 
Outline of the thesis 
 
The thesis begins with a review of literature describing the 
phytochemicals in Brassicaceae and their role as health affecting 
compounds (Chapter 2) showing the importance of Brassicaceae 
vegetables for human diet. The next chapter is a literature survey 
focusing on plant metabolome changes during the various growth stages 
and by different stimuli. Ultimately this leads to the changes in health 
affecting compounds in Brassicaceae (Chapter 3). Nutritional value of 
plants at different developmental stages was also evaluated in this 
project. Quantitative analysis was conducted for amino acids, organic 
acids and sugars by NMR, and for vitamins and glucosinolates by HPLC. 
NMR metabolomic analysis as a non-targeted approach coupled with 
multivariate data analysis was also used (Chapter 4). The effect of non 
plant pathogenic bacteria (Chapter 5) and different metal ions (Chapter 
6) as preharvest stress factors was evaluated, showing the change in 
primary and secondary metabolite production. Metabolomic changes 
under low temperature storage conditions are also reported in this thesis 
(Chapter 7). Extracts of several Brassica varieties were assayed for 
different biological activities including, acetylcholine esterase inhibition, 
antimicrobial activity, as well as CB1 and adenosine receptor binding 
activity (Chapter 8). Finally the future perspectives for further research 
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 Brassicaceae vegetables are considered to be a food in many areas 
all over the world. Brassica species are not only known for their high fat 
and protein contents for human and animal consumption, but 
Brassicaceae vegetables are also recognized as a rich source of nutrients 
such as vitamins (carotenoids, tocopherol, ascorbic acid, folic acid), 
minerals (Cu, Zn, P, Mg among others), carbohydrates (sucrose and 
glucose), amino acids (for example, L-alanine, L-aspartic acid, L-
glutamic acid, L-glutamine, L-histidine, L-methionine, L-phenylalanine, 
L-threonine, L-tryptophan, and L-valine), and different groups of 
phytochemicals such as  indole phytoalexins (brassinin, spirobrassinin, 
brassilexin, camalexin, 1-methoxyspirobrassinin, 1-
methoxyspirobrassinol, and methoxyspirobrassinol methyl ether), 
phenolics (such as feruloyl and isoferuloylcholine, and hydroxybenzoic, 
neochlorogenic, chlorogenic, caffeic, p-coumaric, ferulic, and sinapic 
acids, anthocyanins, quercetin and kaempferol), and glucosinolates 
mainly including glucoiberin, glucoraphanin, glucoalyssin, gluconapin, 
glucobrassicanapin, glucobrassicin, gluconasturtiin, and 
neoglucobrassicin. All these phytochemicals contribute to the reported 
antioxidant, anticarcinogenic, and cardiovascular protective activities of 
Brassica vegetables. However, not all members of this family are equal 
from a nutritional viewpoint, since significant qualitative variations in the 
phytochemical profiles of Brassica species and varieties suggest 
differences in the health promoting properties among these vegetables. In 
this review, Brassica phytochemicals with their nutritional value and 
health promoting activities are discussed to give an overview of the 
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1 Introduction 
 The Brassicaceae (Cruciferae) family is composed of 350 genera 
and about 3500 species,
42
 including some crops of great economical 
importance such as Brassica napus L., B. rapa L., and Sinapis alba L.
43, 
44
 These species are used as food, spices, and as a source of vegetable 
oils.
45
 The Brassicaceae vegetables represent a major part of the human 
diet
4
 being consumed by people all over the world
46-48
 and are considered 
important food crops in China, Japan, India, and European countries.
42, 49, 
50
 Over the past 3 decades Brassica production has grown steadily 
becoming an important source of oil and protein of plant origin for 
animal and human nutrition, respectively. Rapeseed (canola) ranks 
currently as the third source of vegetable oil (after soy and palm) and the 
third leading source of oil meal (after soy and cotton).
51
 Brassica is an 
inexpensive though very nutritive source of food, providing   nutrients 
and health-promoting phytochemicals such as phenolic compounds, 
vitamins,
52-55







 fat, and carotenoids (Figure 1).
59
 There is 
currently much interest in identifying phytochemicals with useful 
biological activity in food
60
 and any significant finding related to the 
presence of valuable compounds in Brassica species will be welcomed 
by the food industry.
51
 
There is ever-increasing evidence that a higher consumption of 
Brassica vegetables, for example, broccoli, cabbage, kale, mustard 
greens, Brussels sprouts, and cauliflower, reduces the risk of several 
types of cancer.
61, 62
 The anticarcinogenic effect of these vegetables has 
been attributed to decomposition products of glucosinolates, indoles, and 
iso-thiocyanates,
63
 phytoalexins, and other antioxidants.
64, 65
 Indole-3-
carbinol, a natural component of Brassica vegetables
66
 has an interesting 
anticarcinogenic potential, acting via different metabolomic and 
hormonal pathways.
65
 It reduces the incidence of tumours in reproductive 
organs
66
 and the growth of human breast cancer cells.
67
 
Overall, to date, the most promising anticarcinogenic dietary 
compounds have been detected in cruciferous vegetables and further 
elucidation of their protective mechanisms and the identification of other 





























Figure 1 – General biosynthesis pathway for Brassicacae metabolites.69-73 
 
 Extracts of the different species of the Brassicaceae family show 
antioxidant effects
74
 and decrease oxidative damage,
75
 while the juice of 
some Brassica species has been proved to protect human hepatoma cells 
from the genotoxic effects of carcinogens.
68
 However, compounds such 
as glucosinolates and phytates may also have a negative effect on human 
and animal health. For example, glucosinolates and glucosinolate by-
products can be toxic and are responsible for the bitter, hot, and pungent 
flavours of Brassicaceae vegetables.
76
 Also, thiocyanates, 
isothiocyanates, and oxazolidine-2-thiones have been shown to be 
goitrogenic.
77
 As Brassicaceae vegetables can be a good source of 




 The purpose of this review is to provide an overview of health-
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2 Vitamins 





 vitamin C, and folic acid
80
 (Table 1). It is a 
well-known fact that the first 3 vitamins have the potential to prevent and 
treat malignant and degenerative diseases.
79
 Broccoli (Brassica oleracea) 
extracts are protective against reactive oxygen species (ROS) presumably 
due to the presence of vitamin C, quercetin, kaempferol, lutein, 
zeaxanthin,
81
 -tocopherol, -tocopherol, and -carotene.
82
 
Bioavailabilty is a critical feature in the assessment of the role of these 
compounds in human health. When 200 g of broccoli was consumed by 
healthy volunteers, significant changes in serum of both men and women 
were observed for lutein, whereas for -tocopherol a significant change 
was detected in women only, whereas no changes were observed for -





In some Brassica species, carotenoid content is two-fold higher 
than in spinach.
84
 Sixteen carotenoids were identified in B. chinensis, B. 
parachinensis, and B. pekinensis, out of which lutein and β-carotene were 
the most abundant.
85, 86
 Lutein has also been isolated from extracts of 
fresh raw kale (Brassica oleracea var. acephala)
87
 and high levels of 
other carotenoids, mainly -carotene, were also detected.
76, 79, 88
 Two 
other vegetables, Brussels sprouts and green cabbage, have been reported 
to contain significant amounts of trans--carotene and cis--carotene.
89
 
Carotenoids present in dark green leafy vegetables might be involved in 





The predominant tocopherol in all Brassica vegetables is α-
tocopherol with the exception of cauliflower, which predominantly 
contains γ-tocopherol.
90
 The tocopherol content of rapeseed oil consists 
of 64% -tocopherol, 35% -tocopherol, and less than 1% is the mixture 




 Vitamin C 
High levels of vitamin C have been reported in Chinese cabbage, 
broccoli, cauliflower and cabbage
92
 (Table 1).  The content of this 
vitamin in different cultivars of cabbage (Brassica oleraceae L.) ranges 











 and cabbage contain folic acid
96
 
(Table 1), a scarce and important vitamin which acts as a coenzyme in 
many single carbon transfer reactions in the synthesis of DNA, RNA, and 
protein components.
97
 Folic acid reduces the risk of neural tube defects 
and may be associated with  the reduced risk of vascular disease and 
cancer,
98, 99





Table 1 – Variation of vitamins (g/g) among different Brassicaceae vegetables on 
fresh weight basis. 
 Ascorbic 
acid  
α-Carotene β-Carotene -Tocopherol  Folate 
Broccoli 748 + 62 a 0.3 b  8.9 b 16.2 b 1.771 d 
Kale 186 e 0.6 b 48.6 b 19.2 b – 
Cauliflower 499 + 53 a – 72 + 0.5 g 1.7 b 0.53 e 
Chinese 
cabbage 
253 a – 0.1 c 0.8 c 0.81 f 
White 
cabbage 
188 + 13 a 0.02 b 0.8 b 1.7 b – 
Brussels 
sprouts 
158 c – 1.4 c 1.5 c – 
a = 92; b = 79; c = 101; d = 94; e = 95; f = 97; g = 102. 
 
3 Minerals 
 Brassica plants have been found to be rich in many minerals 
including calcium and iron.
84
 Among the green leafy vegetables, B. 
oleracea L. acephala (kale) is an excellent source of minerals,
76
 
accumulating high levels of P, S, Cl, Ca, Fe, Sr, and K (Table 2).
103
 
Broccoli accumulates Se to concentrations many times above that found 
in soil, which may greatly enhance its health-promoting properties.
104
 
Different Brassica vegetables such as cauliflower, bok choy (B. rapa) 
stems and leaves, broccoli (B. oleracea v. botrytis), and kale (B. oleracea 
v. acephala) are reported to have high mineral contents
96
 (Table 2). 
Interestingly, all these Brassica vegetables exhibit excellent calcium 
bioavailability.
105
  Cabbage leaf (B. oleracea var. capitata) also contains 
potentially useful amounts of copper, zinc, iron, and a number of other 
essential minerals and trace elements.
106
  
Brassica can be cultivated under hydroponic conditions that lead 
to high levels of nutritionally important minerals such as Cr, Fe, Mn, Se, 
and Zn. Owing to reproducible and high concentration of minerals in the 
Health-afecting compounds in Brassicaceae 
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edible plant tissue small quantities of this enriched plant can be processed 
to make capsules or tablets that supply 100% of the recommended daily 
intake of these elements, with the advantage of using a natural plant 
source.
107
 However, the bioavailability of some of these minerals might 




Table 2 – Variation of minerals (g/g) among different Brassicaceae vegetables on 
fresh weight basis 







 + 20 a 
2860  
+ 430 b 
175 
+ 17 a 
470  
+ 60 b 
440  
+ 60 b 
356  
+ 13 a 
Fe 8.7 
 + 0.5 a 
4 
 + 2 b 
5.0  
+ 0.3 a 
2  
+ 0.3 b 
1.4  
+ 0.3 b 
7.6  
+ 0.2 a 
Cu 0.94  
+ 0.07 a 
0.4  
+ 0.2 b 
0.56  
+ 0.07 a 
0.4  
+ 0.2 b 
0.5  
+ 0.5 b 
0.9  
+ 0.09 a 
Mg 181 
 + 8 a 
510 
 + 40 b 
145  
+ 22 a 
130  
+ 30 b 
140  
+ 20 b 
207  
+ 12 a 
K 2890 
 + 70 a 
7120 
 + 5170 b 
2210  
+ 140 a 
2280  
+ 1120 b 
2660  
+  870 b 
4250  
+ 250 a 
Zn 9.5 
 + 0.3 a 
2.9  
+ 0.5 b 
6.4  
+ 0.3 a 
2.3  
+ 0.4 b 
2  
+ 1 b 
5.8  
+ 0.4 a 
Na 180  
+ 6 a 
120  
+ 40 b 
192  
+ 27 a 
50  
+ 20 b 
30  
+ 10 b 
107  
+ 7 a 
Mn 1.92 
 + 0.09 a 
3 
+ 1 b 
1.31 
+ 0.07 a 
0.5  
+ 1.4 b 
2  
+ 1 b 
2.31  
+ 0.13 a 
a = 108; b = 109. 
 
  Heavy metals (for example, Mo, B, Co, Se, Cd, Pb, Cr, Ni, Hg, 
and As) and others such as Cu, Zn, Mn, Fe may be found in high 
concentration in contaminated soils and have toxic effects on plants, 
animals, and human beings.
110
 The use of metal-accumulating plants to 
remove toxic metals from soil is known as phytoremediation
22
 and 
Brassica species such as B. oleracea and B. napus, known for their metal 
accumulator properties, are used for this purpose.
111
 However, this 
characteristic, which constitutes an advantage for the former use entails, 
an important toxicological risk if these fruits and vegetables grown in 





Rapeseed oil is one of the most common edible oils in the world. 
Its nutritive value is excellent due to its unsaturated fatty acid content.
113
 
Mustard oil is also a significant source of unsaturated fatty acids 
Chapter 2 
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containing about 94.2%, and only 5.4% saturated fatty acids. These are 
recognized as essential dietary elements with important effects on human 
health.
114
 Mustard oil contains linolenic acid 21.4% (omega – 3), palmitic 
acid 2.9%,  palmitoleic acid 0.2%, stearic acid  1.0%, oleic acid 19.4%, 
linoleic acid  (omega – 6) 9.7%, and erucic acid 44.4% 
115
, showing an 
inhibition of mutagenicity.
114
 Oil content in seeds of different B. 
campestris genotypes varies from 38.9% to 44.6% and major fatty acids 
found are oleic, linoleic, linolenic, eicosaenoic, erucic acid ranging from 
10.1% to 17.3%, 5.9% to 14.5%, 5.2% to 15.0%, 7.7% to 13.7% and 
39.6% to 59.9%, respectively.
116
 Canola seed oil is one of the richer 
sources of omega-3-unsaturated fatty acids
65
 and in particular of α-
linolenic acid.
117
 The oil of commercial B. napus L. is rich in oleic acid 
and contains moderate levels of linoleic and linolenic acid.
118
 
Cauliflower is considered to be a food of high nutritional value 
and some authors relate its quality to the stability of its fatty acids. 




The essential oil of B. rapa var. perviridis leaves was found to 
contain 48 volatile components, representing 94.0 – 96.6% of the oil. The 
main constituents were found to be 3-butenyl-isothiocyanate (1.4 – 
29.2%), 4-pentenyl isothiocyanate (8.2–23.5%), 2-methyl 5-hexenenitrile 
(1.3–16.8%), 2-phenylethyl isothiocyanate (7.0– 13.7%), and phytol 
(6.1–23.5%).
84
 Volatile chemicals emitted by rape seed oil also contain 
monoterpenes (limonene, sabinene, β-myrcene, and cis-3-hexen-1-ol 
acetate), sesquiterpenes, short-chain aldehydes and ketones, other green 
leaf volatiles and organic sulfides including the respiratory irritant, 
dimethyl disulfide.
120
 The emission of volatiles from cabbage, consisted 
mainly of monoterpenes (sabinene, limonene, -thujene, 1,8-cineole, -
pinene, myrcene, -pinene, and -terpinene). (Z)-3-Hexenyl acetate, 
sesquiterpene (E, E)--farnesene, and homoterpene (E)-4, 8-dimethyl-1, 
3, 7-nonatriene were emitted mainly from herbivore-damaged plants.
121
  
In Brassica oils, triacylglycerols are the main constituents making 
up about 98% of the oils. The remaining nonglyceridic fraction consists 
of different lipophylic phytochemicals such as tocopherols, sterols, and 
sterol esters.
122
 Similarly, in Brassica oils the remaining 2% consists of 
sterols, phospholipids, and sphingolipids. The major sterols were 
identified as stigmasterol,
123
 sitosterol, campesterol, and cholesterol,
122
 
the phospholipids as phosphatidylethanolamine and phosphatidylcholine, 
and the sphingolipids as cerebrosides.
124
  
Health-afecting compounds in Brassicaceae 
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For the purpose of human nutrition, a high ingestion of oleic acid, 
linoleic and linolenic acids is advantageous.
118
 All polyunsaturated fatty 
acids including both linoleic and linolenic acids are essential because 
they cannot be synthesized by humans.
125
 However, the type of fatty 
acids in the dietary fat is very important, being considered, for example, 
as one of the detrimental factors in colon cancer development. Fats 
containing omega 6-polyunsaturated fatty acids were found to enhance 
chemically induced colon cancer,
115
 while omega-3-polyunsaturated fatty 
acids reduce it.
75, 115
 Consumption of diet rich with canola fat may also 
alter the fatty acid composition of lipids of adipose tissue, muscle, 
kidney, and liver.
126
 A diet high in trans––linolenic acid may increase 
plasma LDL/HDL cholesterol and total cholesterol/HDL-cholesterol 
ratios. Careful deodorization prevents the formation of trans-α-linolenic 





The type and concentration of free sugars influence the flavour of 
Brassica products.
127
 Fructose, glucose, and sucrose are the major 
soluble sugars found in Brassica.
128
 A comprehensive evaluation of the 
nutritive profiles of Brassica seed meals of yellow-seeded types (B. 
napus, B. rapa, B. juncea, and B. carinata) and conventional brown-
seeded (canola) type showed that all contain sucrose (7.5% – 8.7%), 
oligosaccharides (2.3% – 2.5%), ash (6.9% – 7.0%), and non-starch 
polysaccharides (20.4% – 19.7%).
129
 Fructose is the major sugar in the 
different types of Brassica, representing between 48.8 and 56.9% of the 
total sugar content in broccoli cvs. Marathon and Senshi, respectively, 
48.7% (cv. Mirandela) and 53.8% (cv. Murciana) in the other cabbages. 
Glucose is the second major sugar, while sucrose represents a maximum 




 Dietary Fibre 
It is composed of non-starch polysaccharides
130
 and is an 
important constituent in Brassicaceae vegetables, contributing to prevent 
colon cancer.
131
 In white cabbage (B. oleracea var. capitata) dietary fibre 
represents one-third of the total carbohydrate content, the other two-third 
being low-molecular weight carbohydrates, including glucose (37%), 
uronic acid (32%), arabinose (12%), and galactose (8%).
132, 133
 The 
dietary fibre content of 6 cultivars of white cabbage (B. oleracea var 
capitata) was evaluated finding that of the average total dietary fibre of 
Chapter 2 
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241 mg/g of dry matter, approximately 25% was soluble.
132
 Dietary fibre 
content of other species was found to vary between 271 and 352 mg/g for 
the yellow-seeded B. napus and brown-seeded B. napus, respectively,
134
 
with intermediate values in other species, such as cauliflower (302 mg/g 





6 Protein and Free Amino Acids 
The defatted meal of Brassica oilseeds is a valuable source of 
protein for the livestock feed industry
135
 and may constitute an important 
protein source for human nutrition thereby increasing the value of 
Brassica crops. However, the high temperatures and organic solvents 
used during the oil extraction process cause denaturation of proteins in 
Brassica meal.
56
 Protein and free amino acid content in rapeseed meal 
have a high nutritive value, but the utilization of rapeseed/canola as a 
source of food-grade proteins for human consumption is still limited due 
to the presence of antinutrients such as glucosinolates, phytates, and 
phenolics.
113, 136, 137
 Therefore, it is used only for animal feeding.
138
 There 
is a variation in protein content in different groups of Brassica, such as B. 
napus seeds have higher protein solubilities than meals from B. rapa 
seeds. Meals with higher protein solubility values also have higher 
foaming capacity values.
139
 Seeds of rape, B. napus, and related 
cruciferous oilseed crops, such as B. campestris, B. juncea, B. carinata, 
and B. nigra are rich sources of edible protein and rapeseed/canola meal, 




The rape seed (B. napus) meal contains napin and cruciferin as 
storage proteins and oleosin as a structural protein associated with oil 
bodies.
138, 140
 The 2S albumins or napins in oilseed rape and turnip rape 
are potential food allergens.
141
 Free amino acids are involved in 
secondary plant metabolism and in the production of compounds which 
directly or indirectly play an important role in plant-environment 
interactions and human health. A total of 17 amino acids were identified 
(L-alanine, L-arginine, L-asparagine, L-aspartic acid, glycine, L-glutamic 
acid, L-glutamine, L-histidine, L-isoleucine, L-leucine, L-methionine, L-
phenylalanine, L-serine, L-threonine, L-tryptophan, L-tyrosine, and L-
valine) in B. oleracea var italica.
5, 125
 S-methylcysteine sulfoxide, a 
naturally occurring S-containing amino acid, is contained at high 
concentrations in Brassica vegetables such as broccoli and cabbage. Its 
Health-afecting compounds in Brassicaceae 
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cholesterol-lowering effects have been demonstrated in animals, 
observing a significant decrease of the serum level of LDL-C (14% 
decrease) following the oral administration of broccoli (B. oleracea L. 





 Plants may respond to pathogen attack by producing 
phytoalexins.
143
 Phytoalexins are a group of structurally diverse 
molecules
144, 145





























Figure 2 – Structures of cruciferous phytoalexins: 1: brassinin, 2: brassitin, 3: 1-
methoxybrassinin, 4: 4-methoxybrassinin, 5: 1-methoxybrassitin, 6: 1-
methoxybrassenin A, 7: 1-methoxybrassenin B, 8: cyclobrassinin, 9: cyclobrassinin 
sulfoxide, 10: cyclobrassinone, 11: dehydro-4-methoxycyclobrassinin, 12: 
spirobrassinin, 13: 1-methoxyspirobrassinin, 14: 1-methoxyspirobrassinol, 15: 1-
methoxyspirobrassinol methyl ether, 16: dioxibrassinin, 17: methyl 1-methoxyinodole-
3-carboxylate, 18: brassilexin, 19: sinalexin, 20: brassicanal A, 21: brassicanal B, 22: 
brassicanal C, 23: camalexin, 24: 6-methoxycamalexin, 25: 1-methylcamalexin 147.  
 












































































1  R=H; R’=S; R’’=H           
2  R=H; R’=O; R’’=H           
3  R=OCH3 ; R’=S; 
R’’=H    4  R=H; R’=S; 
R’’=OCH3       5  R=OCH3 
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6  R=H2  
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8  R=SCH3    9  
R=S(O)CH3 
10 11 
12  R=H    13  
R=OCH3 
14  R=H     
15  R=CH3 16 
17 
23  R=H; R’=H       
24  R=OCH3 ; 






 In Brassica indole phytoalexin (camalexin) synthesis is induced 
as a response to pathogen attack and ROS generating abiotic elicitors.
148, 
149
 These phytoalexins inhibit the growth of human cancer cells and thus 
may have a potential use as chemopreventive agents.
64
 Several indole 
phytoalexins found in  Brassica vegetables, brassinin, spirobrassinin, 
brassilexin, camalexin, 1-methoxyspirobrassinin, 1-
methoxyspirobrassinol, and methoxyspirobrassinol methyl ether, have 
been found to possess significant antiproliferative activity against various 
cancer cells, while others, such as cyclobrassinin, spirobrassinin, 




 Brassicaceae species contain a range of signalling and regulatory 
compounds known to be involved in general defence mechanisms 
activated by pathogen and herbivore attacks on plants.
151
 These include 
salicylic acid, ethylene, H2O2, and jasmonic acid (an acid-derived 
oxylipin)
79
 and signal peptides, such as systemin.
152-154
 Some of these are 
bioactive compounds which exhibited anticancer activity in animals 
when added to experimental diets.
79
 In particular, jasmonic acid and its 
derivatives, which represent the best characterized class of signal 
compounds, mediating the defence responses to wounding and herbivore 
attack in Brassicaceae,
155-159
 have been proved to inhibit the proliferation 





8 Phenylpropanoids, Flavonoids and Tannins 
Phenylpropanoids, flavonoids and other minor compounds (Table 
3) are considered to be among the health promoting compounds in 
Brassicaceae species.
161
 Plant polyphenols are multifunctional, having 
diverse biological activities apart from acting as reducing agents.
162
 
Phenolics also contribute to the bitter, astringent, and unpleasant flavour 
of rapeseed, though the threshold of this unpleasant flavour is higher for 
individual phenolic compounds than for the mixture.
113
 In spite of this 
they are considered to be beneficial and harmless components of 
rapeseed meal. 
The contribution of Brassica vegetables to health improvement 
has generally been associated with their antioxidant capacity and, 
undoubtedly, phenolic compounds are the major antioxidants of Brassica 
vegetables.
89, 163, 164
 Phenolics is a generic term which refers to a large 
number of compounds that can be classified in groups, namely,  phenolic 
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As mentioned above, these antioxidants have proved to be good 
for human health and also useful as food preservatives.
166
 Mustard seeds 
have a chemopreventive potential and enhance the antioxidant defence 
system. Their inclusion in the diet may very probably contribute to 
reducing the risk of cancer incidence in the human population.
167
 A 
rapeseed phenolic extract has shown a stronger antioxidant activity than 
many artificial antioxidants
168
 and exhibited a greater efficiency on a 





Table 3 – Variation of phenolics (g/g) among different Brassicaceae vegetables on 
fresh weight basis 
 Quercetin Kaempferol Apigenin Lutein 
Brassica oleracea L  var. 
italica (Broccoli) 
137 a 46 a – 6.8 c 
Brassica oleracea L var 
botrytis L (Cauliflower) 
39 a 12 a 2 a 1.3 c 
Brassica campestris var 
chinensis (Chinese cabbage) 
390 a 96 a 45 a 0.2 c 
Brassica rapa L. subsp. 
sylvestris 
102 b 334 b – – 
Brassica oleracea var capitata 
(white cabbage) 
51 a – 8 a 1.4 c 
a = 92; b = 161; c = 101. 
 
Species of the Brassicaceae family are generally rich in 
polyphenols. Brassica rapa
113
 and B. oleracea L. var. botrytis contain a 
high amount of phenolic compounds.
169
 Phenolic contents of several 
species have been reported, such as Chinese cabbage (1189±125µg/g), 
broccoli (822±89 µg/g), cauliflower (278±15µg/g), and white cabbage 
(153±21µg/g) on a fresh weight basis.
92, 168
 In the case of broccoli, 
phenylpropanoids such as ferulic, sinapic, caffeic, and protocatechuic 
acid were reported to be the most abundant and important bioactive 
compounds.
170, 171
 Four phenylpropanoids (caffeic, p-coumaric, ferulic, 
and sinapic acid) were identified in the water-soluble phenolic fraction of 
the leaves of oilseed rape (Brassica napus L. var. oleifera)
172
 and gallic, 
protocatechuic, p-hydroxybenzoic, vanillic, syringic, salicylic, p-
coumaric, caffeic, ferulic, and sinapic acid were identified in kale (B. 





The main phenolics in rapeseed meal were determined to be  
sinapic acid which constitutes over 73% of its free phenolic acid 
content,
51
 while apart from sinapic acid, rapeseed oil also contains  
vinylsyringol.
174, 175
 An efficient peroxynitrite scavenger activity has 
been described for sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid), 
which has shown to contribute to the cellular defence against this 
powerful cytotoxic free radical, thus avoiding peroxynitrite-mediated 
disorders.
176
 Besides the typical seed constituent sinapic acid, large 
amounts of choline esters of other phenolic acids have been detected in 
Brassicaceae species, for example, feruloyl- and isoferuloylcholine and 
hydroxybenzoic acid.
177
 Brassicaceae plants accumulate glucose esters 
(1,6-di-O-sinapoylglucose), gentiobiose esters (1-O-caffeoylgentiobiose 




Flavonoids are one of the most common and widely distributed 
groups of plant phenolics. Over 5000 different flavonoids have been 
described to date and they are classified into at least 10 chemical groups. 
Among them, flavones, flavonols, flavanols, flavanones, anthocyanins, 
and isoflavones are particularly common in the human diet.
179
 As these 
compounds have interesting biological activities, these are being used in 
numerous medical treatments,
180, 181
 connected to cancer-prevention
182, 183
 
and cardiovascular system protection, including inhibition of oxidative 
damage.
184, 185
 At higher doses, however, flavonoids may act as 
mutagens, pro-oxidants that generate free radicals, and as inhibitors of 
key enzymes involved in hormone metabolism.
186
 
Flavones are involved in various interactions with other 
organisms, microbes as well as insects and other plants.
187
 
Pharmacological activities have been described for various flavonoids 
(for example, quercetin, apigenin, catechins) which have shown an anti-
inflammatory action by inhibiting cycloxygenase-2 and inducible nitric 
oxide synthase.
188
 The flavonols quercetin, kaempferol, and isorhamnetin 
are among the flavonoid derivatives present in Brassica species.
53, 189-191
 
Two main flavonol glycosides, quercetin 3-O-sophoroside and 
kaempferol 3-O-sophoroside, are present in broccoli florets. Three minor 
glucosides of quercetin and kaempferol, isoquercitrin, kaempferol 3-O-
glucoside, and kaempferol diglucoside, have also been detected. The 
quercetin and kaempferol glycosides were present in florets at a level of 
43 g/g and 94 g/g of dry weight, respectively.
192
 Glycosylated 
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kaempferol derivatives from the external leaves of tronchuda cabbage (B. 
oleracea L. var. costata DC) have been reported.
193
  
Total flavonoid content in Chinese cabbage, broccoli, cauliflower, 
and white cabbage is 944 µg/g, 316 µg/g, 172 µg/g, and 102 µg/g, on a 
fresh weight basis, respectively.
92
 The accumulation of derivatives of 
flavonols such as quercetin in Camelina sativa; quercetin and kaempferol 
in Crambe hispanica var. glabrata; quercetin, kaempferol, and 
isorhamnetin in Brassica napus; kaempferol and isorhamnetin in Sinapis 
alba is reported.
190
 The constitutive flavonoids of B. napus, 
isorhamnetin-3-sophoroside-7-glucoside and kaempferol-3,7-diglucoside, 
are effective deterrents of armyworm.
44
 Analysis of B. alba extracts 
revealed the presence of 3,5,6,7,8-pentahydroxy-4-methoxy flavone in 
shoots, as well as 2,3,4,5,6-pentahydroxy chalcone and 3,5,6,7,8-
pentahydroxy flavone in roots and root exudates. Apigenin was also 
found in the shoots and roots.
194
 
Anthocyanins are potent antioxidants and consequently may be 
chemoprotective.
195
 Brassicaceae plants provide a variety of 
anthocyanins. Cauliflower and red cabbage showed differences in their 
anthocyanin profiles: cyanidin-3,5-diglucoside was absent in cauliflower, 
while it was well represented in red cabbage, together with the 
characteristic anthocyanin of Brassica genus, cyanidin-3-sophoroside-5-
glucoside. The p-coumaroyl and feruloyl esterified forms of cyanidin-3-
sophoroside-5-glucoside were predominant in cauliflower, while the 
sinapoyl ester was mostly present in red cabbage.
196
 Red pigmentation of 
red cabbage is caused by anthocyanins. Red cabbage contains more than 
15 different anthocyanins which are acylglycosides of cyaniding.
197
 Red 
radish (Raphanus sativus L.) contains significant amounts of 
anthocyanins of which 12 acylated anthocyanins were isolated and 
analyzed spectroscopically to determine their structure. Six of these were 
identified as anthocyanin glycosides with 1 or 2 phenylpropanoids.
198
 
Total proanthocyanidins content in brocolli was found to be 12 µg/g and 
7 µg/g in cauliflower, calculated over fresh weight. 
92
  
Five lignans, 5 neolignans, 2 sesquilignans, and 1 dilignan were 
identified in a phytotoxic extract of Brassica fruticulosa.
199
 These 
compounds exhibited interesting antimicrobial, antifungal, and/or 
herbicidal activities that are believed to participate in plant defence 
mechanisms.
200
 These compounds also have cancer-preventive effects.
65
 
Tannins have an adverse effect on the nutritive value of rapeseed 
meal proteins or isolated proteins.
201
 These compounds suppress the 
availability of essential amino acids
202
 and may form complexes with 
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essential minerals, proteins, and carbohydrates.
203
 Tannins have also a 
profound inhibitory effect on the digestion of carbohydrates and proteins 
in particular.
204
 In Brassicaceae vegetables different amounts of tannins 
have been reported.
58
 Inositol hexa-phosphate (phytic acid) and 
condensed tannins are reported in B. carinata,
78
 both of which play an 
important role in iron binding.
203
 Cabbage and turnip contain various 
amounts of phytic acid, tannic acid, and/or oxalic acid. Tannic acid was 
found at 12.66 mg/g (fresh weight basis) in cabbage. Levels of both 
tannic acid and phytic acid can be significantly (p < 0.05) reduced by 
different blanching methods.
205
 The total amount of tannins in 
rapeseed/canola hulls ranged from 19.13 to 62.13 mg/g of oil-free hulls. 
Insoluble tannins predominated in canola/rapeseed hulls and comprised 
from 70 to 95.8% of total tannins present. The amounts of sodium–
dodecyl-sulphate-extractable tannins were comparable to those of soluble 





Sulfur-containing phytochemicals of 2 different types are present 
in Brassica (Cruciferae) vegetables (cabbage, broccoli, etc.): 
glucosinolates and S-methyl cysteine sulfoxide. Glucosinolates (Figure 
3) are thioglucosides containing a cyano group and a sulfate group.
207
 
Glucosinolates are derived from amino acid biosynthesis (Figure 
1) and are important secondary metabolites in Brassicaceae family, 
involved in plant defence against pests and diseases.
207
 For example 
glucoiberin, glucoraphanin, glucoalyssin, gluconapin, 
glucobrassicanapin, glucobrassicin, gluconasturtiin, and 
neoglucobrassicin are health promoting compounds found in broccoli 
inflorescences (B. oleracea L., var. italica, cv. Marathon).
55
  
These compounds have both positive and negative nutritional 
effects,
208
 appearing to possess anticarcinogenic properties, but also quite 
different toxic effects.
10
 The effects of specific glucosinolate degradation 
products on individual organisms vary and are not always known. If used 
in excessive quantity, many of these compounds can be highly toxic.
209
 
Glucosinolates and their concentrations vary among the different 
groups of Brassicaceae (Table 4).
210
 In Brussels sprouts, cabbage, 
cauliflower, and kale, the predominant glucosinolates were found to be 
sinigrin and glucobrassicin. Brussels sprouts also had significant amounts 
of gluconapin.
211
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glucosinolate (gluconapin), and 3-indolylmethyl glucosinolate 
(glucobrassicin).
211
 Cruciferous vegetables of the Brassica genus (for 
example, Brussels sprouts, cauliflower, and broccoli) contain high levels 
of an indolylmethyl glucosinolate commonly known as glucobrassicin.
213
 
A great number of glucosinolates have been identified in B. oleracea var. 
capitata f. alba, namely glucoiberin, progoitrin, epiprogoitrin, sinigrin, 
glucrafanin, gluconapoleiferin, glucoalysin, gluconapin, 4-




                       
                            
 
   
The major glucosinolates detected in different varieties of B. 
oleracea were 2-propenyl, 3-methyl-sulphinylpropyl and indol-3-yl-
methyl, which accounted for an average of 35, 25, and 29%, respectively 
of the total glucosinolate content, while in B. rapa, but-3-enyl 
represented 86% of the total, with pent-4-enyl and 2-phenylethyl as the 
other major glucosinolates. The average total glucosinolate content of the 
flower buds was determined to be  2518 μmol 100 g
-1
 dry wt. in troncha 
(B. oleracea var. tronchuda) and 4979 μmol 100 g
-1
 dry wt in nabo (B. 
rapa), which is much higher than the highest amounts reported for 
broccoli (B. oleracea var. italica).
214
 As in other Brassicaceae seeds and 
plants, rapeseed contains up to 5% of glucosinolates, which are partially 
decomposed during rapeseed processing or storage. 
When plant material is crushed, as in food preparation or 
chewing, a thioglucosidase–mediated autolytic process is initiated, 
generating indole-3-carbinol, glucose, and thiocyanate.
215
 These, together 
with other important degradation products, such as isothiocyanates, 
vinyl-oxazolidinethione, and nitriles, contaminate the crude rapeseed 
oils, impairing their hydrogenation and transesterification and ultimately 
may be harmful to human consumption.
216
  
Figure 3 – Basic structure of glucosinolates 
Chapter 2 
 30 
The main glucosinolate breakdown products of Brassica 
vegetables are the sinigrin breakdown product 1-cyano-2,3-
epithiopropane, the gluconapin hydrolysis product 3-butenyl 
isothiocyanate, the glucobrassicin metabolite ascorbigen and low 
concentrations of other indole glucosinolate-derived hydrolysis products 
such as neoascorbigen and 3,3`-di-indolylmethane.
217
 Rapeseed meal, a 
by-product of rapeseed oil production, also contains glucosinolates which 





Table 4 – Variation of glucosinolate contents (g/g) among different Brassicaceae 
vegetables on dry weight basis 
 Cabbage Broccoli Brussels 
sprouts 
Cauliflower Kale 
Glucoiberin 2289  
+ 380 a 
697  
+ 127 a 
42  
+ 84 c 
– 3455 
+ 591 d 
Glucoraphanin 17 a 3208  
+ 528 a 
3099 c 218  
+ 131 c 
1361 b 
Progoitrin 452  
+ 20 a 
1017  
+ 68 a 
2922 c 120  
+ 40 c 
524 b 
Gluconapin 472  
+ 26 a 
96  
+ 37 a 
4654 c 111  
+ 74 c 
372 
+ 37 c 
Sinigrin 3443  
+ 939 a 
35  
+ 143 c 
3261 c 3332 
+ 36 c 
3400 
+ 322 d 
Glucoalysin – 90  
+ 45 c 
90  
+ 45 c 
– – 
Glucoerucin – – – – 1206 b 
Glucobrassicin 1315  
+ 13 a 
1566  
+ 130 a 
1431  
+ 89 c 
715 
+ 716 c 
353 




+ 19 a 
458  
+ 29 a 
95  
+ 48 c 
95 





+ 24 a 
124  
+ 5 a 
– – – 
a = 221; b = 222; c = 211; d = 223. 
* Calculation is made by conversion of mol to g on dry weight basis. 
 
 Goitrin, a naturally occurring compound in cruciferous 
vegetables, can easily be nitrosated if in contact with nitrites in 
gastrointestinal conditions, yielding the mutagenic compound N-nitroso- 
oxazolidone, with loss of sulphur.
220
 Additionally, goitrin which is a 
decomposition product of progoitrin (Figure 4) is known to be strongly 
goitrogenic, inhibiting the synthesis of thyroid hormones, thyroxine, and 
tri-iodine-thyronine by a selective binding of iodine which prevents 
iodine intake by the thyroid gland.
63
 
Health-afecting compounds in Brassicaceae 
 31 
 The other decomposition products of glucosinolates, as 
mentioned before, are thiocyanates, isothiocyanates and oxazolidine-2-
thiones (Figure 5),
50, 224
 and have also been shown to be goitrogenic. The 
benzyl-, phenethyl-, allyl-isothiocyanate, and sulforaphane are formed 
through the hydrolysis of their naturally occurring precursor 
glucosinolates, glucotropaelin, gluconasturtiin, sinigrin and 












Figure 4 – Conversion of progoitrin to goitrin by myrosinase 
 
 However, under certain conditions, the glucosinolate aglycones 
may yield a nitrile rather than an isothiocyanate. Nitriles such as S-l-
cyano-2-hydroxy-3-butene and 1-cyano-2-hydroxy-3,4-epithiobutane, are 
the most toxic of the normal glucosinolate hydrolysis products, with a 
human lethal dose of 170 and 178 mg/kg, respectively.
218
 These negative 
effects of glucosinolates have led to research directed at finding methods 
to reduce the glucosinolate content in the seeds of some Brassica crops.
47
 
Other processes intended to avoid toxicity of the meal include heat 
treatment of the seeds prior to removal of the oil. 
 This inactivates myrosinase and subsequent breakdown of 
glucosinolates when the meal is consumed.
218
 High or low glucosinolate 
contents of the seed of some varieties of B. napus correlate positively 




Glucosinolates are also responsible for the bitter acidic flavours 
of Brassicacea species
76
 and the hydrolysis by-products of glucosinolates 
mentioned above, such as isothiocyanates, nitriles, and thiocyanates, are 
responsible for the hot and pungent taste of the mustard that is often 
objected to by consumers.
207
 Many of these degradation products are 
volatile
226
 and also play an important role in the characteristic aroma or 
off-odour of Brassicacae.
84
 A great deal of research has been carried out 






















Cruciferous vegetables, for example, have been reported to 
contain substantial quantities of isothiocyanates.
227
 Volatiles and semi-
volatiles   from B. oleracea L. var. botrytis seeds were identified as 
cyanides such as 4-(methylthio) butyl-cyanide, 3-(methylthio) propyl 
cyanide, and isothiocyanates such as 4-(methylthio) butyl-
isothiocyanate.
228
 In B. rapa var. perviridis, 6 isothiocyanates were 
detected in the steam volatiles and identified as sec-butylisothiocyanate, 
3-butenylisothiocyanate, 4-pentenylisothiocyanate, benzyl-
isothiocyanate, 2-phenylethylisothiocyanate, and 5-
methylthiopentylisothiocyanate. Three nitriles were also detected and 
identified as 2-methyl-5-hexenenitrile, 3-phenylpropiononitrile, and 6-
methylthiohexanonitrile.
84
 In Brassica oleracea var. Botrytis 35 volatile 
and semi-volatile constituents were detected.
228
 
Dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide, hexanal, 
3-cis-hexen-1-ol, nonanal, ethanol,
228, 229
 and hex-3(Z)-enol were 
identified as major constituents representing, respectively, 30.2, 24.2, and 
21.7% of the volatiles.
228
 Various interesting bioactivities have also been 
reported for hydrolysis and breakdown products of glucosinolates,
43, 230
 
such as strong bactericidal, antifungal properties,
218, 231, 232
 and health 
promoting effects for plants and humans.
47, 224
 Some of these 
glucosinolates have a potential application in the industry, for example, 
an aqueous extract of B. nigra seeds might be included in industrial 
biofilms as an antimicrobial agent.
233
 The breakdown products of 
glucosinolates assist in the activity of important naturally occurring, 
direct- acting antioxidants such as tocopherols and also enhance the 
synthesis of glutathione, one of the most abundant intracellular direct 
antioxidants.
234
 Working on rapeseed oil cake (Brassica campestris L. 
subsp. napus), different antioxidant compounds (indolacetonitrile, S-1-
methoxy-1-(3,5-dimethoxy-4-hydroxyphenyl) ethane, 4-hydroxy-indol-
acetonitrile, and 4-hydroxy-phenyl-acetonitrile) were isolated, which  




Certain glucosinolates, particularly the isothiocyanates and 
nitriles, have been shown to modify both xenobiotic metabolizing 
enzymes and induce cell cycle arrest and apoptosis. It is likely that a 
combination of these responses explains the chemo-preventive 
characteristics of Brassica and that a combination of different cruciferous 
vegetables could provide optimal protection.
225, 236
 The isothiocyanate 
chemopreventive activity could be due to its powerful inhibition of 
different enzymes such as glutathione S-transferases (GSTs) in 




 Another potential cancer-blocking action, which was 
described for both intact and thioglucoside glucohydrolase-treated 
glucosinolates, as assessed by induction of GSTs activity, was found to 




Another naturally occurring isothiocyanate, sulforaphane, that is 
present in Brassica vegetables has been shown to block the formation of 
tumours
240
 and together with 7-methylsulfinyl-heptyl isothiocyanates in 
broccoli (B. oleracea var. italica) extract exhibited an inhibitory effect on 
cancer cell invasion and matrix metallo-proteinase-9 activity in human 
breast cancer cells
213
 and lowers the probability of acquiring colon and 
rectal cancers.
241
 It was also proved to inhibit Helicobacter pylori 
infection, blocking gastric tumour formation. This suggests that broccoli 
consumption could prevent chronic atrophic gastritis induced by H. 
pylori infection and, thus, this type of stomach cancer.
242
 Naturally, the 
wide range of glucosinolates content among different groups of B. 
























Figure 5 – Glucosinolate degradation 
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 Indole-3-carbinol (I-3-C) is another glucosinolate breakdown 
product found in vegetables of the Brassica genus (cabbage, broccoli 
sprouts, Brussels sprouts, cauliflower, bok choy, and kale). Some 
research points to this compound as a promising anticancer agent against 
prostate cancer and reducing the incidence and multiplicity of mammary 
tumours.
243, 244
 Coinciding with these studies, oral administration of I-3-C 
has been shown to have a possible beneficial effect on estrogen 
metabolism in humans and epidemiological studies support the claim that 




tri-indole (CTr), a major digestive product of indole-3-carbinol, has been 
proved to exhibit strong estrogenic activities increasing proliferation of 
estrogen-dependent breast tumour cells. Thus, the contribution of CTr to 
the cancer preventive or cancer-promoting effects of I-3-C remains to be 
established.
246
 In plants, levels of secondary metabolites, such as 
glucosinolates are controlled by a number of factors. Although it is 
possible to increase levels of glucosinolates in plants by genetic 
manipulation, in order to enhance a particular pharmacological benefit, 
such a step would be premature and must await a more thorough 






Brassica vegetables represent a major part of the human diet all 
over the world providing nutritionally significant constituents, such as 
phenolic compounds, vitamins, fibres, soluble sugars, minerals, fat, and 
carotenoids. Cruciferous vegetables are a source of some very promising 
chemopreventive dietary constituents, which may protect against free 
radical damage and LDL oxidation implicated in the pathogenesis of 
cardiovascular diseases, as well as DNA damage and cancer. This might 
be useful information from the point of view of identifying appropriate 
raw materials, rich in these protective components, for the development 
of safe food products and additives with appropriate antioxidant 
properties. As mentioned above, Brassica plants are rich in many metals 
including calcium and iron-containing compounds. However, there is 
substantial variation both within and between subspecies, which suggest, 
a difference in potential health benefits depending on genotype, as well 
as on the growth conditions and environment. This review provides a 
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massive body of evidence supporting the nutritional value of Brassica 
vegetables and should ultimately lead the population to better food 
choices. 
 
11 Future Perspectives 
 Many anti-cancer agents are of plant origin, but their actual 
function or the mechanism behind the role they play in the plant has not 
yet been fully elucidated. For example, plant-derived molecules with 
known roles in plant cell death may be novel candidates for use in 
clinical oncology. But a better understanding of the molecular and 
cellular mechanism of action of such compounds and their structure-
activity relationships is necessary for the development of new derivatives 
of these molecules with more favourable chemopreventive activities. 
Different classes of anti-cancer compounds merit continued research at a 
basic and pharmacological level in order to yield novel chemotherapeutic 
agents. However, in order to correctly evaluate the effect of such 
compounds in food, it is necessary to bear in mind that some constituents 
such as phenolic acids, tannins, and other anti-nutritional compounds 
may form complexes with nutritionally important compounds, reducing 
their bioavailability and thus lowering the nutritional value of Brassica 
products. Additional studies are needed to determine the amount of 
isothiocyanates or their metabolites that reach target tissues, and the 
concentration needed to exert biological effects.
225
 Further elucidation of 
the protective mechanisms of food and the identification of active 
constituents is needed. 
Enhancing the phytonutrient content of plant foods through 
selective breeding or genetic improvement is a powerful tool for dietary 
disease prevention. However, most, if not all, of these bioactive 
compounds confer a bitter, acid, or astringent taste to the food which is 
rejected by most consumers. Moreover, in the past, some of these 
compounds have even viewed as plant-based toxins and, as a result, the 
food industry routinely removes these compounds from plant foods 
through selective breeding and a variety of debittering processes. This 
poses a dilemma for the designers of functional foods because increasing 
the content of bitter phytonutrients for health may clash with consumer 
choices. Studies on phytonutrients and health, taking sensory factors and 
food preferences into account, constitute an important area of research. 
Another aspect of these valuable Brassica vegetables that 
deserves full attention is the edaphic conditions in which they are grown. 
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These plants can be biofortified by growing them in a high mineral-
containing medium, attaining high levels of nutritionally important 
minerals that can be used to produce dietary supplements. But this 
advantage which is due to their metal tolerance (and allows their use for 
phytoremediation as previously explained) can be negative as observed in 
crops that are irrigated with polluting metals. The excessive heavy metals 
(macro or micro nutrients in excess) and plant and human pathogenic 
microbes concentrated in the soil from this water cause stress conditions 
for plants. Quality parameters of Brassicacea vegetables are very 
susceptible to great changes with these stress conditions which produce 
different effects on the levels of Brassica vegetables metabolites, 
affecting their flavour and leading to the changes in nutritional value. 
Studies are needed to clarify the route of exposure, mechanisms of 
sensitization, and clinical importance of these phenomena. 
 Another question about cruciferous vegetables is their flavonoid 
content. Epidemiological data indicate that the present rate of 
consumption of these vegetables is beneficial. However, earlier studies 
also raised the question on the advantages of recommending an increased 
consumption of Brassica vegetables and/or phytochemical supplements. 
One of the reasons for this lies in the flavonoid content of these 
vegetables which, as explained above, is quite high in some of the 
species. Unfortunately, the potentially toxic effects of excessive 
flavonoid intake are still largely ignored. It is known that at high doses, 
flavonoids may act as mutagens, that is, pro-oxidants that generate free 
radicals, so that their adverse effects may well outweigh their beneficial 
ones. It is imperative that further research be conducted to learn more 
about the toxicological properties of flavonoids, apart from other putative 
health promoting compounds in Brassica vegetables, thus clarifying the 
balance of potential adverse and beneficial effects included in their 
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 Brassicaceae plants are one of the most popular vegetables 
consumed all over the world and considered to be a good source of 
bioactive phytochemicals. Additionally, Brassica species and varieties 
are increasingly becoming a research model in plant science, as a 
consequence of the importance of their primary and secondary 
metabolites. Plant interaction with environmental stress factors including 
animals and insects herbivory, pathogens, metal ions, light, among others, 
is known to lead to the activation of various defence mechanisms 
resulting in a qualitative and/or quantitative change in plant metabolite 
production. Pre-harvest and/or post-harvest conditions are also known to 
affect this, since plants produce signalling molecules (e.g. salicylic acid, 
jasmonic acid etc.), that cause a direct or indirect activation of 
metabolomic pathways. That ultimately affects the production of 
phytochemicals, such as carbohydrates (sucrose and glucose), amino 
acids, phenolics (phenylpropanoids and flavonoids) and glucosinolates. 
These phytochemicals have diverse applications due to their 
antimicrobial, antioxidant and anticarcinogenic properties, but on the 
other hand these compounds or their breakdown products can act as anti-
nutritional factors in diet. In this review we report a wide range of stress 
induced metabolomic responses in Brassica plants commonly used for 
human consumption. 
 
Keywords:  Brassicaceae, glucosinolates, metabolomics, primary and 
secondary metabolites, plant stress response. 




Brassicaceae vegetables, commonly known as Crucifers, include 
different genera of cabbage, broccoli, cauliflower, Brussels sprouts, kale, 
etc. which are consumed all over the world.
89
 Genetic resemblance of 
Brassica to Arabidopsis has made it an alternative model system in plant 
science,
28
 and increased the value of Arabidopsis plant research. 
Brassicaceae vegetables are a good source of antioxidants because of 
their high phenolics and glucosinolate content.
6, 27, 247
 These compounds 
are generally considered to have a preventive role against cardiovascular 
diseases and different types of cancer
6, 211, 248, 249
 but on the other hand the 
antinutritional effects of polyphenols, glucosinolates, S-methylcysteine 
sulfoxide, tannins and erucic acid, from Brassicaceae vegetables have 
also been previously reported.
250, 251
 
Throughout the course of growth and development plants are 
ordinarily exposed to various environmental, biotic and abiotic factors,
18
 
to which they respond with an activation of their defence system.
252
 This 
results in a substantial and significant variation in the plant metabolome, 
both within and between the subspecies.
27, 101, 253, 254
 The inducing factors 
largely affect the primary and secondary metabolism of Brassica plants, 
resulting in the enhanced production of certain metabolites, e.g. amino 
acids, sugars, indoles, phenolics and glucosinolates
6, 255-257
 (Figure 1). 
In particular some biotic and abiotic elicitors can result in an 
enhancement of the specific secondary metabolite production.
19
 Under 
these conditions a number of signal pathways can be pre-activated by 
salicylic acid (SA), jasmonic acid (JA), ethylene or abscisic acid 
pathways, which are generally involved in the defence responses.
18, 19, 247
 
As an example, due to aforementioned factors, plant cells activate the 




Upon infestation by insects, plants can alter their resistance to 
pathogens in a complex manner (Figure 1).
247
 For example, in a case 
study the presence of Pieris brassicae caterpillars, feeding of the lower 
leaves of Brussels sprouts (Brassica oleracea var. gemmifera) triggers 
the release of volatiles from upper leaves.
262
 In Arabidopsis, a 
Brassicaceae plant, a defence reaction used by the plant against the 
necrotrophic fungal pathogen Alternaria brassicicola was ineffective but 
proved to avoid damage by two bacterial leaf pathogens (Xanthomonas 
campestris pv armoraciae and Pseudomonas syringae pv tomato). In 
addition the resistance was locally and systemically effective against 
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In general the metabolic responses of plants vary according to the 
type of stress. These responses can be rather specific since the 
metabolomic pool of plant defence is composed of a variety of 
constitutive and induced metabolites.
247, 263-265
 The feature of the 
signalling is complex due to the simultaneous elicitation of several 




























Figure 1 – Summary of the biosynthetic pathway and stress induced metabolite 
production. The basic metabolomic pathway is drawn in the circle and the stimuli and 
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Figure 2 – Essential plant metabolites derived from chorismate. 














































































































A multitrophic interaction (Figure 3) could also occur, as 
observed in the case of a specialist parasitic wasp of Pieris rapae 
caterpillars, Cotesia rubecula, which is attracted to P. rapae caterpillar 































Figure 3 – Basic diagram of above and below ground stress related multitrophic 
interactions in Brassica spp. Direct interaction (
 
); attraction behaviour 
(
 
); repellence behaviour (
 
); ground surface (
 
); (■) 
glucosinolates; (x) signalling molecules (jasmonic acid, salicylic acid and ethylene); (●) 
phenylpropanoids and flavonoids; (○) toxins and enzymes; (▲) terpenoids, nitriles and 
other leaf volatiles.  
 
These volatiles are emitted as a defence against P. rapae attack 
and include metabolites from several major biosynthetic pathways, 
including terpenoids and green leaf volatiles.
266
 Genomic information of 
Arabidopsis thaliana, and the availability of characterized mutants and 
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direct and indirect responses to stress.
267
 However, Arabidopsis is not 
used as a food source but have been used as a model plant. In these days, 
much research work is reported on the Brassica metabolomic alteration 
affected by environmental stress because Brassica has high genetic 
resemblance to Arabidopsis and even considered one of the most 
important food crops all over the world. 
In this review we will focus on the interaction between the 
environmental factors and Brassica species, aiming at providing an 
overview of their reported metabolomic responses to pre-harvest or post-
harvest stimuli. 
 
2 Primary metabolites 
 
2.1 Effect of biotic factors 
Wild Brassica species in general have lower amino acid content 
than cultivated varieties due to diverse factors in nature,
268
 as the plants 
are exposed to different stress conditions. Response to stress is 
coordinated by signalling systems induced by herbivore and/or pathogen 
attack.
269
 It is evident, for example, that a decrease of the glucose, 
sucrose and amino acids levels are observed after methyl jasmonate 
(MeJA) elicitation of Brassica rapa leaves,
41
 but an increase in amino 
acid levels after their interaction with food born pathogenic bacteria.
27, 270
 
Similarly, aphid infestation results in the increased production of primary 





2.2 Effect of abiotic factors 
Abiotic factors are also known to largely affect metabolite 
production. This was observed in different situations such as a 
characteristic linear increase of amino acids produced by drought stressed 
Brassica napus leaves, followed by a reduction in concentration upon 
rehydration of the plants.
271
 Drought stress conditions have been proved 
to increase sugar contents in plants as in the case of cabbages, a high 




Another abiotic factor, metal exposure, was seen to transiently 
increase photosynthetic pigments, proteins, free amino acids and sugar 
contents followed by a decrease when compared with controls.
273
 Wild 
type Arabidopsis plants exposed to cadmium stress were found to 
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generate oxidative damage, finally resulting in the significant loss of 
chlorophyll content.
274
 An increase in total free amino acids content in 
the leaves of Brassica pekinensis exposed to copper stress indicated that 
free amino acids play a role in the detoxification of the copper excess.
275
 
The amount of low molecular weight organic acids, which are reported to 
be chelating agents, increased after metal stress in Brassica.
276
 Effective 
accumulation of metals (Cr, Fe, Zn, and Mn) also produced an increase 
of oil content up to 35% in Brassica juncea (cv. Rohini).
273
 
Temperature also affects the metabolite content of plants. 
Carotenoids in Brassicaceae, including -carotene, were found to be 
slightly decreased after thermal treatments.
277
 Fresh and processed leaves 
of kale, which are normally a good source of amino acids, were reported 
to lose 12 – 14 % of amino acid contents as compared with control, when 
cooked using traditional methods or when frozen.
278
 Boiling of kale, 
Brussels sprouts, broccoli and white cauliflower was also shown to cause 
a large decrease in the ascorbic acid content,
277, 279
 while exposure of 
broccoli (Brassica oleracea var. italica) to UV light or temperature of 7 – 
13 
o




2.3 Effect of growth and storage 
It is well known that the metabolomic profile of plants varies 
according to its growth stage as confirmed by the increase of ascorbic 
acid in three Brassica cultivars during the development of the 
inflorescence.
281
 Even after harvesting the metabolomic changes still 
continue, e.g. broccoli undergoes major losses of sugars, organic acids, 
and proteins within the first 6 hours after harvest. This is followed by an 
increase in the free amino acid pools (especially glutamine and 
asparagine).
128, 254
 Loss of membrane fatty acids is also a feature of post-
harvest broccoli senescence.
254, 282
 Storage of broccoli florets for 7 days 
in CO2-containing atmosphere results in an increase in free amino acids 





3 Secondary metabolites 
 
3.1 Glucosinolates 
Glucosinolates are one of the most important groups of 
Brassicaceae metabolites derived from amino acid biosynthesis (e.g. 
methionine, tryptophan, pheylalanine etc.).
256, 284, 285
 The flavour and 
Healthy and unhealthy plants: The effect of stress 
 
 45 
odour of Brassica vegetables are typically related to their glucosinolate 
content.
31, 286, 287
 These are at least partly responsible for their benefits for 
human health including anti-carcinogenic, cholesterol-reducing, and 
other pharmacological effects
6, 288-291
 but on the other hand the 
antinutritional effects of glucosinolates are also reported.
250
 
Glucosinolates are well known to be related to the plant defence 










 or by plant signalling molecules,
296, 297
 
including the treatment with SA, JA and MeJA.
298, 299
 Following tissue 
damage endogenous plant enzymes (thioglucosidases or myrosinases) 
hydrolyze the glucosinolates to unstable aglycones, which rearrange to 
yield a variety of products including isothiocyanates, thiocyanates and 
nitriles. The nature of the products depends on the conditions of the 
hydrolysis and the particular glucosinolate.
284, 299-301
 
Even under drought stress the secondary metabolism continues,
295
 
for example the total glucosinolate content of mature rapeseed is 




3.1.1 Effect of herbivory and pathogens 
 Induced defence responses are elicited when plants are exposed to 
different types of biotic stress such as attack by herbivores or 
pathogens.
247
 The activity of glucosinolates and their degraded products 
against various strains of microorganisms has been documented by many 
investigators,
224, 302 
being present in the leaves of Brassica spp. at 
concentrations that can prevent the development of pathogens. A report 
of the effect of the inoculation of B. rapa seedlings with the fungal 
pathogen Alternaria brassicae, described the catabolism of 
glucosinolates during the infection and subsequent release of 
isothiocyanates together with dimethyl disulphide, dimethyl trisulphide, 
and 4-oxoisphorone.
303
 Unusually a high concentration of 2-hydroxy-3-
butenyl glucosinolate found in leaves of B. oleracea var capita cv 
offenham compacta. It may account for the greater susceptibility of this 
cabbage cultivar to Brevicoryne brassicae (L) (cabbage aphid), compared 
with other B. oleracea accessions examined. It was concluded that an 
increased production of 4-pentenylglucosinolate with a commensurate 
reduction in the 2-hydroxy-3-butenyl and 2-propenyl glucosinolates, 






There is ample evidence that glucosinolate structures and levels 
influence host plant suitability for generalist and specialist herbivores.
304
 
Monitoring of the total glucosinolate content in a resistant and a 
susceptible variety of cabbage (B. compestris ssp. pekinesis) during the 
development of club root disease, caused by Plasmodiophora brassicae 
revealed that their glucosinolates content differed significantly. The 
susceptible varieties showed a very high content of aliphatic 




Levels of glucosinolates increase and their composition may be 
altered in response to herbivory and pathogen attack as shown in studies 
carried out on two wild Brassica species, B. nigra and B. oleracea, which 
were infested with larvae of the cabbage root fly, Delia radicum.
269, 305
 
The systemic response in the leaves differed between plant species. 
While in the case of B. nigra, shoot glucosinolate levels steadily 
increased during the growth period, almost duplicating the original 
concentration after 14 days of infestation, B. oleracea plants did not 
show any significant changes in shoot glucosinolate levels as compared 
with a control group of plants.
306
  
Increased glucosinolate accumulation, primarily of short-chain 
aliphatic methylsulfinyl glucosinolates, in response to insect feeding 
(generalist Myzus persicae and specialist Brevicoryne brassicae) was 
also observed in A. thaliana.
269
 Increased  glucosinolate levels in B. 
napus and Sinapis alba reduced the extent of grazing by generalist 
herbivores but resulted in greater damage by the glucosinolate specialist 
beetle Psylliodes chrysocephala and butterfly P. rapae.
307
 Differences in 
susceptibility to herbivores among S. alba, B. napus, and B. campestris 
have been attributed to their glucosinolate content, particularly 4-
hydroxybenzyl glucosinolate.
308, 309
 Mechanical wounding or feeding by 
the flea beetle (Phyllotreta cruciferae) was found to produce a three-fold 
increase in the concentration of indole glucosinolates in the cotyledons of 
one-week-old seedlings of the oilseed rape B. napus, B. rapa and B. 
juncea.
310
 Similarly, another study reported that damage to the B. napus 
by Psylliodes chrysocephala induced systemic changes to the 




 Aliphatic glucosinolate profiles have a significant impact on the 
development and performance of Brevicoryne brassicae and Myzus 




 and oilseed rape.
314
 Conversely, 
no changes in the glucosinolate content of oilseed rape plants following 
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infection with Turnip Mosaic Virus were reported.
315 
Decrease in 
glucosinolate content was observed in healthy and Alternaria brassicae 
inoculated seedlings of B. rapa.
303
  
Indole glucosinolates degradation increased in resistant varieties 
after infestation with downy mildew possibly due to their conversion into 
other biochemical compounds involved in the resistance. These indole 
glucosinolates could be involved in a complex metabolomic process, in 
which they are not considered solely as metabolomic end-products but 
also as precursors of other molecules, such as phytoalexins or auxins, 
known for their involvement in the resistance to microorganisms.
316 
The 
results of a study carried out on two susceptible and three resistant 
varieties of cauliflower plants (Brassica oleracea var. botrytis) infected 
with Peronospora parasitica to determine the correlation between 
glucosinolates and resistance to this microorganism showed that sinigrin 
content was higher in the resistant varieties than in susceptible ones and 
that if glucobrassicin decreased, methoxyglucobrassicin increased.
316
 It is 
important to note that infection by a virulent bacterial pathogen was 





3.1.2 Effect of signalling molecules 
It is evident that the presence of signalling molecules affects the 
glucosinolate profile of these species. In the case of A. thaliana, its 
responses to different stresses are coordinated by several interacting 
signalling systems including JA, SA and ethylene (ET) mediated 
pathways
269
 as shown in the infection with the fungus Alternaria 
brassicicola.
317
 Plant growth-promoting bacteria produce this effect 
through several mechanisms, including the synthesis of indoleacetic acid 
(IAA).
318
 It was also observed that in Arabidopsis, the rhizobacteria-
induced systemic resistance is phenotypically similar to pathogen-
induced systemic acquired resistance (SAR),
26
 but functions 
independently of SA and requires responsiveness to JA and ethylene.
319
 
The concentration of gluconasturtiin was specifically increased by 
SA.
320
 Brassica napus plants exposed to MeJA accumulated indole 
glucosinolates in their leaves, the amount of which depended on the 
concentration of MeJA applied.
321
 Moreover, an increase in glucosinolate 
levels, especially indole glucosinolates, was observed in B. rapa leaves 
after MeJA elicitation.
41
 The treatment of a resistant and a susceptible 
variety of Chinese cabbage (B. compestris ssp. pekinesis) with SA or JA, 
produced an increase in the total amount of glucosinolates, though the 
Chapter 3 
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response depended on the type of treatment applied. JA induced indole 
glucosinolates production only in the leaves, while SA induced indole 
glucosinolates in both leaves and roots of the cabbage.
305
 However, as a 
result of a negative cross-talk, SA has been observed to inhibit JA 
induced resistance of Arabidopsis to Spodoptera exigua by inhibiting 
production of glucosinolates by JA.
247
 
Even more conclusive results were obtained from a study carried 
out on the glucosinolate content of leaves and cotyledons of B. napus, B. 
rapa and B. juncea, that revealed the content of glucobrassicin and 4-
hydroxyglucobrassicin increased up to 20-fold after treatment of leaves 
and cotyledons with JA or MeJA.
298
 In contrast, treatment with abscisic 




3.1.3 Effect of fertilizers and salts 
The accumulation of indole, aliphatic and aromatic glucosinolates 
could be enhanced by the presence of low nitrogen and high sulfur 
fertilizers. For example, the use of a sulfur fertilizer produced an increase 
in the level of glucosinolates, gluconapin, sinigrin and progoitrin.
290, 323
 
Similarly, the total  glucosinolate level was also observed to increase in 
response to sulfur availability in turnip rape (B. rapa)
324
 and kale (B. 
oleracea L. Acephala Group),
76
 while three broccoli cultivars showed  an 
increase in total glucosinolate content, only at the start of the 
inflorescence development followed by a rapid decrease depending on its 
fertilization with sulphur.
281
 Another fertilizer, selenium, was observed to 
increase glucosinolates in general and sulforaphane in particular, when 
applied up to a certain doses, above which it decreased glucosinolate 
production.
325
 Submitting broccoli to salt stress increased their 
glucosinolate content, indicating the involvement of these compounds in 
its stress response.
295
 Some exceptions are also reported, as in the case of 





3.1.4 Effect of temperature and radiation 
There is a relationship between temperature, radiation and 
glucosinolate content, though the synthesis of each individual 
glucosinolate is affected differently by each of these factors.
253, 326
 
Glucosinolate concentration in canola increased when submitted to a 
temperature stress of 40 
o
C for 15 days during growth.
327
 A seasonal 
variation in aliphatic, indole and aromatic glucosinolate content was 
observed in three different varieties of B. oleracea.
223
 The same effect 
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was observed in broccoli, in which the aliphatic glucosinolates 
(especially glucoraphanin) content was observed to increase when kept  
at daily mean temperatures between 7–13 
o
C combined with the daily 




 The effect of radiation can 
depend on the species as in the case of N. officinale and S. alba, in which 
different aliphatic and indole glucosinolates had been identified. The 
concentration of these glucosinolates was significantly more affected by 




3.1.5 Effect of post-harvest storage conditions 
Bioavailability of glucosinolates and related isothiocyanates of 
Brassica vegetables is influenced by storage
289
 and processing, such as 
blanching and freezing, affecting the taste and aroma of final products.
329, 
330
 Postharvest physical disruption of the plants (e.g. chewing, chopping, 
blending, juicing, cooking, freezing / thawing and high temperature) 
leads to the loss of cellular compartmentalization and subsequent contact 
of glucosinolates with myrosinase to be degraded to isothiocyanates,
231
 
nitriles, thiocyanates, epithionitriles and oxazolidines
331
 (Figure 4).  
When stored at ambient temperature (12 – 22 
o
C), there was no 
significant loss in glucosinolate content. The contents of individual and 
total glucosinolates decreased in Brassica vegetables (broccoli, Brussels 
sprouts, cauliflower and green cabbage) when stored in a domestic 
refrigerator (4 – 8 
o
C) for 7-days, though some of them, i.e., glucoiberin, 
glucoraphanin and glucoalyssin, suffered higher losses than sinigrin, 
gluconapin and progoitrin.
289
 The glucosinolates were the most affected 
constituents in rocket (Eruca vesicaria ssp. sativa) leaves  as the content 
was reduced to 4 – 33%, when samples were stored in air while the 
decrease was 60 – 100% in low O2 and high CO2 conditions, after using 
sanitizers (chlorine, ozonated water, lactic acid, acidified sodium chlorite 
and peroxyacetic acid), in both cases.
287
  
Significant loss of glucoerucin and glucoraphanin was observed 




 Storage of vegetables at –85 
o
C 
could cause significant loss of glucosinolates due to freeze–thaw fracture 
of plant cells, leading to enzymatic conversion of glucosinolates to 
isothiocyanates during thawing.
289
 Also a significant decline in 
glucosinolates content was observed during storage of Brassica 
vegetables at 4 
o




 On the other hand, indole and aliphatic 

































Figure 4 – Glucosinolate degradation.  
 
3.2 Tryptophan derived phytoalexins 
Phytoalexin synthesis, as a defence response of Brassicaceae 
plants, is induced by a number of molecular species, which can function 
as signal molecules including poly- and oligosaccharides, proteins, 
polypeptides, fatty acids,
145
 and jasmonate among others.
41
 Brassicaceae 
phytoalexins are generally biogenetically derived from tryptophan but 
have also different chemical structures (Figure 5) as well as biological 
activities.
335 
Brassinin, a plant defence phytoalexin with antimicrobial 
activity, is produced by a variety of Brassica species in response to 
stress.
336, 337 
Camalexin, another phytoalexin, was found in highest 





















Myrosinase   
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3.2.1 Effect of herbivory and pathogens 
The differing qualitative and/or quantitative profiles in 
phytoalexin production are associated to the resistance of different 
Brassica species against diverse fungal attacks. Camelina sativa and 
Capsella bursa-pastoris exhibited strong resistance to Alternaria 
brassicae and Brassica campestris ssp. rapifera was less resistant to A. 
brassicae 
339
. Another species, Arabis lyrata produced camalexin during 
its interaction with two microorganisms, Pseudomonas syringae pv. 
Maculicola and Cochliobolus carbonum
340
 and the induction of two 
phytoalexins, wasalexin A and arvelexin (4-methoxyindolyl-3-
acetonitrile) were observed after Leptosphaeria maculans attack on 
Thlaspi arvense
341
 Further examples were observed in leaf and stem 
tissues of B. napus  which accumulated two phytoalexins 
(methoxybrassinin and cyclobrassinin), following inoculation with L. 
maculans.
342
 While  Alternaria brassicae induced sinalexin production in 
S. alba.
343
 Three phytoalexins, indole-3-acetonitrile, arvelexin, and 1-
methoxyspirobrassinin, were identified in Erucastrum gallicum leaves 
after infection by Sclerotinia sclerotiorum
344
 and  B. napus ssp. rapifera 
produced isalexin, brassicanate A, and rutalexin, brassinin, 1-
methoxybrassinin, spirobrassinin, brassicanal A and brassilexin were 
elicited with the phytopathogenic fungus Rhizoctonia solani.
345
 
Canola and rapeseed (B. rapa) also accumulated diverse 
phytoalexins after inoculation with different strains of the biotroph 
Albugo candida.
263
 It is important to note that most of the phytoalexins 
exhibit antifungal activity against the economically important pathogenic 
fungi Leptosphaeria maculans, Rhizoctonia solani and Sclerotinia 
sclerotiorum.
346
 However, some phytopathogenic fungi may have 





3.2.2 Effect of abiotic factors 
It has been proved that both biotic and abiotic elicitation can 
provoke a response in many Brassica species consisting in the production 
of diverse phytoalexins (Figure 5). This effect was observed in the 
leaves of the oilseed, canola and rapeseed (B. rapa) which accumulated 
the phytoalexins spirobrassinin, cyclobrassinin, rutalexin, rapalexin A 
and B, brassinin, brassilexin and brassianal C, apart from the 
phytoanticipins, indolyl-3-acetonitrile, caulilexin C, and arvelexin, after 





In Brassicaceae, CuCl2 has shown to be an effective inducer of 
phytoalexin production
343, 348
 as in the case of Thlaspi arvense in which 
the production of two phytoalexins, wasalexin A and arvelexin (4-
methoxyindolyl-3-acetonitrile) was detected after exposure to this abiotic 
elicitor.
341
 Another report described the concentration of spirobrassinin to 
be 4 fold of that observed in compatible interactions, with the highest 
concentration found 2 days after spraying with copper chloride.
263
 
The effect of another type of abiotic stress, UV light, was 
described for cauliflower (Brassica oleracea var. botrytis) florets in 
which the production of several phytoalexins, i.e., isalexin, (S)-
spirobrassinin, 1-methoxybrassitin, brassicanal C, caulilexins A, B and C 
was enhanced.
346
 UV light also induced isalexin, brassicanate A, and 
rutalexin, brassinin, 1-methoxybrassinin, spirobrassinin, brassicanal A 

















Figure 5 – Biosynthetic pathways of Brassica phytoalexins: Brassinin (1), 
spirobrassinin (2), brassicanal A (3), dioxibrassinin (4), cyclobrassinin (5), sinalbin (6), 
rutalexin (7), brassilexin (8), erucalexin (9), (R)-1-methoxyspirobrassinin (10). 
 
3.3 Phenolics 
Brassicaceae vegetables are consumed both raw and processed.
349
 
The content of polyphenols can be influenced by various factors such as 
the variety, climatic conditions, biotic and abiotic stress caused by the 
preharvest and postharvest conditions.
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3.3.1 Effect of herbivory and pathogens 
It has been proposed that phenolics play an antioxidative role in 
the plant defence system as a backup to the primary ascorbate-dependent 
detoxification system.
13
 This is supported by observations such as the 
rapid accumulation of phenolics detected in a significant proportion of 
the Arabidopsis cells undergoing a hypersensitive response.
338
 In the case 
of microbial infection, the set of metabolites detected differed according 
to the type of microorganism involved, probably reflecting the chemical 
environment of the invaded tissue and the mechanism of action of the 
attacking organism.
27, 352
 For example, metabolomic changes of Brassica, 
induced by different foodborne bacteria such as Bacillus subtilis, 
Staphylococcus aureus, Escherichia coli, Salmonella typhimurium and 
Shigella flexneri, were found to vary according to the bacterial species, 
though in all cases an increase in phenolic compounds including 
sinapoyl-malate, caffeoyl-malate was observed.
27
 In the case of insect 
herbivory, aphid feeding involves phenolics in the formation of salivary 
sheaths around the penetration sites.
353
  
Increases in phenolic biosynthesis gene expression or enzyme 
activity and accumulation of the products of these enzymes, are 
commonly associated with JA treatment or herbivory in many plants.
317
 
This was observed in MeJA treated B. rapa leaves, in which 5-
hydroxyferuloyl malate, caffeoyl malate, coumaroyl malate, feruloyl 




3.3.2 Effect of fertilizers 
The production of phenolic metabolites responds to changes in 
nutrient availability in a highly complex manner.
161, 350 
Nitrogen stress 
triggers the gene expression of flavonoid pathway enzymes and nitrate 
availability was shown to directly affect the enzyme activity in the 
phenylpropanoid pathway.
350
 Sulfur fertilization increased the average 
phenolic contents from 96 to 111 mg/100 g of gallic acid, of fresh weight 
in B. rapa
161
 and this quantitative change was confirmed by other studies. 
The patterns of phenolics did not change qualitatively in leaves of B. 
oleracea var. costata grown using different agronomical practices.
350
 The 
most representative flavonols in B. rapa subsp. Sylvestis are kaempferol 
and quercetin derivates but myricetin was present only in trace amounts 
which was reduced rather than increased by sulfur fertilization unlike the 
total phenolics content. This response indicates that the total phenolics 
pool may be shifted towards the accumulation of different compounds 
based on precursor availability, presence of enzymes activators (or co-
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factors) and/or other effectors, such as sulfur availability.
161
 A great 





3.3.3 Effect of growth stage 
Age also proved to affect the phenolic pattern in these plants as in 
the case of young B. oleracea var. costata leaves in which 15 phenolics 
were found. Five of aforementioned phenolics were kaempferol 
derivatives and 10 were cinnamic acid derivatives, while p-coumaroyl-3-
O-quinic acid and 13 kaempferol derivatives were detected in old leaves. 
Only two kaempferol derivatives were found common in both types of 
leaves.
350
 Three broccoli cultivars exhibited an increase in phenolic 




3.3.4 Effect of temperature and radiation 
Flavonoids play an important role in plants as flower pigments 
and when formed as metabolites in the response to biotic or abiotic 
stress.
356
 Temperature and radiation seem to act as a trigger for 
biosynthetic pathways.
253
 As was also shown by the detection of higher 
concentrations of phenolic compounds when exposure of plants to 
sunlight is increased.
357
 Similarly, UV-B radiation was observed to 
induce an enhanced production of soluble phenolics in red cabbage
358 
and 
an increase in the flavonoid content of S. alba and Nasturtium officinale, 
where especially in the case of S. alaba the increase of quercetin was 
found to be 10 fold higher than in N. officinale.
328
 Another study carried 
out on B. napus showed that irradiation with UV-B rays produced a 70–
150% increase in the overall amount of flavonoids, four of which were 
identified as quercetin and kaempferol glucosides.
359
 Another study 
confirmed UV-B induced accumulation of quercetin glycosides and 
correlated them to plant UV-B tolerance.
360
 UV light (8 kJ m
−2
) treated 
samples of minimally processed broccoli showed higher phenolic 
contents than untreated (control) plants.
280
 
Post-harvest temperature conditions have also proved to influence 
the metabolite profile in plants. Contents of lutein in broccoli increased, 





kale, Brussels sprouts, broccoli and white cauliflower was observed to 
cause a large decrease in its antioxidant activity, due to the loss of 
polyphenols.
277, 279
 Freezing has been found to be one of the most 
effective methods of preserving the nutritive constituents of raw 
Brassicaceae vegetables.
277
 It leads to a greater preservation of 
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polyphenol levels, which were even observed to increase during this 
process as part of the plant response to stress.
279
 Also, a higher 
antioxidant activity was observed in broccoli plants, kept at 4 
o
C for 21 
days as compared with control samples.
280
 In the case of
 
rocket leaves 
storage, the stability of quercetin derivatives differed, the glycosides 
showing more stability than the corresponding acylated glycosides.
287 
Another study revealed a drastic reduction of the total anthocyanin 
content of cauliflower and the formation of isomers with all thermal pre-





Brassinosteroids (BRs) are a group of naturally occurring plant 
steroidal compounds in Brassica having a wide range of biological 
activities and the ability to confer tolerance to Brassica plants against a 
wide spectrum of biotic and abiotic stresses 
362
. These stress factors 
include, low and high temperatures, drought, high saline concentrations, 
pathogen attack
362, 363
 and exposure to heavy metals.
364
 Sterols have been 
recently recognized not only as precursors of brassinosteroids (Figure 6) 















Also, there is evidence of cross-talk between BRs and abscisic 
acid, JA and ethylene.
362
 Treatment with 24-epibrassinolide, a 
brassinosteroid, increases tolerance to several environmental stresses 
such as basic thermo-tolerance in B. napus,
366
 or to drought and cold 
stress in the case of seedlings of both A. thaliana and B. napus, aside 
from helping them to overcome salt-stress-induced inhibition of seed 
germination.
363 
The expression of the B. napus steroid sulfotransferase 












increased accumulation of an antimicrobial protein, plants respond to 




Brassinosteroids also proved to be able to protect the membrane 
integrity of the radish seedling from Cd-induced oxidative stress, 
minimizing the impact of reactive oxygen species by increasing 






Brassica species are a rich source of health affecting compounds 
and are widely considered as a food and model for plant science research, 
in diverse fields (Figure 3). During growth, plants are exposed to various 
biotic (herbivory, fungal, bacterial and/or viral infection) and abiotic 
(metals, UV, temperature) stresses. It leads to gene expression and 
biochemical changes, which finally results in an enhancement of the 
synthesis of primary and secondary metabolites. In this process, a 
number of signal pathways will be activated as Brassica defence 
responses, including SA, JA, ethylene and abscisic acid pathways
18
 
(Figure 1). On the other hand SA, JA and ethylene dependent defence 
pathways may also affect each other. 
The systemic induced responses of different Brassica species led 
to hypothesize that plants might use a far more complex defensive 
strategy than a common set of biosynthetic pathways. The metabolomic 
changes can be quite specific, since the pool of plant defence-related 
compounds is composed of a variety of constitutive and induced 
metabolites. The set of Brassica metabolites observed, after infection 
with different microorganisms differs. It probably reflects the diverse 
chemical composition and mechanism of action of the invading organism, 
which can at the same time activate gene expression and block specific 
sites of a metabolomic pathway, or even metabolize the plant defence 
compounds.  
As plants in the field are often exposed to more than one form of 
stress, there is selection pressure for them to evolve coordinated rather 
than conflicting defence mechanisms.
247
 It would be interesting to 
understand plant-defence mechanism, when multiple stress factors are 
present. 
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5 Future Perspectives 
The mechanisms by which metabolites help the plant to resist 
stress remain largely unclear. While there is an increasing interest in 
above ground interactions, there is a strong need to study underground 
mechanisms and interactions of plants as well, because they have not 
been adequately addressed yet. The complementation of the ecological 
approach, with the understanding of the molecular basis of plant defence 
strategies, employed against different attackers, should be useful to fully 
comprehend the extent of the integration of these mechanisms.  
The study of multitrophic interactions is also an interesting area 
for research. This involves comparing the genomic, proteomic and 
metabolomic situation of the plant after being attacked by different 





of the systemic induced emission of volatiles, observed in different 
species, would also contribute to shed light on the ecological significance 
and regulatory mechanism, behind these defensive responses 
262
. 
Undoubtedly, all these efforts should contribute to provide the means of 
controlling these different defence systems, leading to the development 
of more resistant plant varieties. Additionally, since Brassica plants are 
considered to be important food, it is essential to fully understand, how 
different environmental factors triggering mechanisms and pathways 
affect their metabolomic profile, since these will ultimately affect the 
plant’s quality and its functional properties. It also attributes to taste and 
aroma as well as levels of health affecting compounds, which will 
influence consumer acceptability. 
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 Brassica rapa (var. raapstelen) and Raphanus sativus (red radish) 
are one of the known models in recent plant research. Metabolomic 
variation during the three developmental stages has been assessed in the 
present study. Particularly nutritional variation affected by plant growth 
has been evaluated with Brassica rapa (var. raapstelen) and red radish 
(Raphanus sativus) growth, a non-targeted and targeted metabolomic 
approach by NMR and HPLC, respectively, was used to identify the 
discrimination in nutrients for different time points of growth. Principal 
component analysis (PCA) has been employed to the results obtained by 
both techniques (
1
H NMR and HPLC) to assess the metabolomic 
variation. This study shows the change in metabolites (amino acids, 
organic acids, chlorophyll, carotenoids, tocopherols, ascorbic acid, 
sucrose, phenylpropanoids and glucosinolates) during plant development. 
These results lead to a better understanding of the plant metabolomic 
changes during plant aging and show the importance of plant 
developmental stage with respect to the nutritional profile of vegetables. 
 
 
Key words: Plant development, 
1
H NMR and HPLC metabolomics, 
nutritional compounds. 
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1 Introduction 
Among Brassica vegetables, Raphanus sativus (red radish) and 
Brassica rapa (var. raapstelen) are known for their nutritional 
compounds
2, 369
 and are being used as model in recent plant research.
370
 
Brassica vegetables are a good source of health promoting 
phytochemicals, in terms of containing primary and secondary 
metabolites including, amino acids, glucosinolates, vitamins (ascorbic 




These phytochemicals play an important role in plant survival,
18
 
by either protecting it from cell damage by biotic and abiotic stress or  
playing their role in plant defence signalling pathway.
185
 These are also 
important for human and animal nutrition.
8, 49
 The health supporting role 
of vegetables is attributed to aforementioned compounds, including, 
minerals and vegetable oil content
34
 as well as dietary fibres.
131
  
There is a substantial and significant variation, both within and 
between (sub) species, for these phytochemicals.
101
 A part from different 
infections, a range of other conditions influence the nutritional profile of 
Brassicaceae vegetables, including biological
49
 and seasonal variation,
223
 
preharvest growth factors and postharvest processing conditions.
278
 In the 
same way the harvest time also affects the phytochemicals related to 
quality profile of Brassica vegetables.
119
 Plant developmental stage is 
considered as a crucial factor for the quantity of health promoting 
compounds in vegetables.
281
 For example a metabolomic variation in 
different Brassica species has been observed when four week and six 
week developmental stages were compared. A clear change in the 
metabolome was observed, affecting the quality of these vegetables.
28
 
Similar changes were observed in broccoli with different developmental 
stages of the inflorescence.
281
  
Metabolomics is defined as both the qualitative and quantitative 
analysis of the metabolites in an organism
37
 so by using metabolomic 
approach biological systems are visualized and queried. A number of 
spectroscopic and chromatographic approaches are presently used for 
metabolomics. Most common and well known among these are, nuclear 
magnetic resonance spectroscopy (NMR), gas chromatography (GC) and 
high performance liquid chromatography (HPLC).
35
 
Significant data are available on the effect of biotic and abiotic 
factors on the metabolome during plant developmental process. There is 
a need to assess the age dependent metabolomic variation in food plants, 
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such as Brassica rapa (var. raapstelen) and Raphanus sativus (red 
radish). In order to investigate the metabolomic changes during plant 
growth and development, metabolomic characterisation of two species of 
Brassicaceae (radish and B. rapa) leaves and roots was conducted for 
four, six and eight weeks old plants.  
 
2 Materials and methods 
 
2.1 Plant material 
Seeds of both Raphanus sativus (red radish) and Brassica rapa 
(var. raapstelen, Groene Gewone) were sown in pots containing soil and 
kept in cold room (4 °C) for 2 days and then transferred to a green house 
in 16 : 8 hours, light : dark conditions. After 6 days of growth, the 
individual seedlings were transferred to separate pots and watered daily.  
 
2.2 Sample preparation 
Plants were harvested at six, eight and ten week developmental 
age and were washed with deionised water and dried with a tissue paper. 
Both the roots and leaves were separated from each other and weighed to 
determine fresh weight and placed immediately in separate aluminium 
foils to be frozen in liquid nitrogen. Three replicates were used for 
analysis, with one plant for each replication. All the samples were 
grinded to a fine powder in liquid nitrogen and freeze-dried in aluminium 
wrapped containers till a constant weight. After freeze-drying the 
samples were weighed for dry weight and then stored at –80 
o
C until 
extraction and analysis. 
 
2.3 NMR based metabolomic assessment 
NMR sample preparation, sample analysis and data processing 
was done as previously reported.
24
 Quantitation of amino acids (alanine, 
valine, threonine), organic acids (fumaric acid, -amino butyric acid), 
sugars (sucrose, total glucose) was performed by calculating the relative 
ratio of the peak area for selected proton signals of the target compounds, 
to the known amount of TMSP (trimethyl silyl propionic acid sodium 
salt) as internal standard. 
 
2.4 Glucosinolates assessment 
Glucosinolate extraction and desulfation was carried out as 
previously reported.
372
  For glucosinolate extraction, a 100 mg of freeze 
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dried sample was weighed in a 15 ml glass tube and extracted with 2 ml 
of boiling 70% methanol solution, desulphatased with arylsulphatase 
(Sigma, St Louis, MO. USA) on a DEAE-Sephadex A25 column 
prepared by 0.5 ml of Sephadex A25 in Pasteur pipette column, and 
separated on a reversed phase C-18 column (Alltima C-18, 150 × 4.6 
mm, 3 μm; Alltech, Breda, The Netherlands) on HPLC with an 
acetonitrile–water gradient (0 – 65% acetonitrile from 0 to 30 min; flow 
0.75 ml min
−1
). Detection was performed with a photodiode array 
detector and peaks were integrated at 229 nm. The response factors were 
calculated for identification of different glucosinolates for detection at 
229 nm, by using sinigrin standard curve for quantitative analysis. 
 
2.5 Ascorbic acid (vitamin C) assessment 
For vitamin C, analysis was done by HPLC-PDA as previously 
reported
373
 by a little modification in the method by using a 10 mg of 
freeze dried sample, weighed in 10 ml glass tube and extracted in 2 ml of 
ice-cold 5 % phosphoric acid (Sigma ACS; 35 %), sonicated for 15 
minutes and centrifuged at 2500 rpm for 10 min. and filtered over a 0.2 
m PTFE membrane filter into 1.8 ml HPLC vials. 
 
2.6 Isoprenoid assessment 
Freeze dried samples were weighed as 50 mg in a 15 ml glass 
tube. The tocopherols (,   and ) and carotenoids (lutein, -carotene, 
9-cis--carotene, violaxanthin, neoxanthin), chlorophyll (A, B) were 
analyzed by HPLC-photodiode array detector (PDA) as previously 
reported
373, 374
 with some modification as we added extra 0.5 ml of 
deionized water during first extraction step. 
 
2.7 Data analysis 
Data processing, scaling and bucketing for 
1
H NMR was done as 
reported in previous publications of our group. For the quantitative data 
processing, different metabolites were quantified by either NMR or 
HPLC. PCA and PLS-DA were performed with the SIMCA-P software 
(v. 12.0, Umetrics, Umeå, Sweden) based on a unit-variance scaling 




3 Results and Discussion 
Metabolomic variation has been evaluated on three different 
growth stages for Brassica rapa (var. raapstelen) and Raphanus sativus 
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(red radish). Both species differ qualitatively and quantitatively from 
each other. Metabolomic discrimination at different developmental stages 
of these two vegetables can easily be investigated by conventional 
metabolomic approaches, either by using an untargeted or a targeted way 
of analysis. At first a non-targeted NMR based metabolomic approach 
was followed. The 
1
H NMR spectra have an advantage of simultaneous 
detection of diverse groups of compounds. As previously reported by our 
group,
24, 27
 the amino acids (glutamate, glutamine, alanine, , serine, 
threonine, valine, phenylalanine and tyrosine), organic acids (acetate, -
amino-butyric acid (GABA), malate, fumarate), carbohydrates (sucrose 
and glucose), phenylpropanoids (caffeoyl malate, coumaroyl malate, 
feruloyl malate, 5-hydroxyferuloyl malate, sinapoyl malate) were 
identified by 
1
H NMR, along with 2D spectra including J-resolved, 
COSY and HMBC analysis. Different metabolites (alanine, valine, 
threonine, glucose, sucrose, fumarate, GABA) were also quantified by 
NMR (Figure 6, 7), using TMSP as internal standard. All the bucketed 
data of these samples, including roots and leaves were analyzed by PCA 
and it was found that the comparatively highest amount of sugars is 
present in roots, while other metabolites are higher in leaves. 
Due to the relatively much higher carbohydrate content, the roots 
of both species are grouped together while the leaves of the both varieties 
are grouped together in the PCA score plot. In this case an age wise 
discrimination cannot be observed as the separation is based on roots and 
leaves only. To make it easy for the further study of variation of 
metabolites during developmental stage, we separated the data of roots 
and leaves for PCA analysis. In spite of the advantages of NMR 
spectroscopy, the low sensitivity of this method shows its limitation for a 
detailed metabolomic analysis. So a targeted approach, HPLC was used 
to identify and quantify glucosinolates (glucobrassicin, glucoerucin, 
gluconapin, gluconasturtiin, glucoraphanin, neoglucobrassicin, 4-
hydroxyglucobrassicin, 4-methoxyglucobrassicin, 3-
hydroxypropylglucosinolate, sinigrin), ascorbic acid (vitamin C), 
tocopherols (,   and tocopherol), carotenoids (lutein, -carotene, 9-
cis--carotene, violaxanthin and neoxanthin) and chlorophyll (A and B). 
All the quantitative data either obtained by NMR or HPLC were 
combined and analyzed by PCA. A similar result was obtained as for 
NMR results only. The combined results are shown separately for leaves 
(Figure 1A) and roots (Figure 1B). 
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To confirm the results for making a conclusion of high or low 
contents of different metabolites, as visualized in PCA, the 
1
H NMR 
spectra were superimposed and studied visually as well for some selected 
metabolites. The quantitative results in roots and leaves are shown in 
figure 2 – 4 and 6 – 9. Plant senescence is genetically controlled and 
involves the hormonally controlled reallocation of the plant’s 
resources.
375
 The photosynthetic capacity of a leaf declines with aging 
and so young plant leaves have more photosynthetic potential as 
compared with old plant leaves.
328
 Plants reallocate more defence related 
compounds towards young leaves
376
 and adjust physiologically to 




































































Figure 1A. Score plot of PCA for leaves of Brassica rapa (var. raapstelen) and 
Raphanus sativus (radish), based on whole range of 1H NMR signals ( 0.3 –  10.0, 
bucketed data) and HPLC (quantitative) data. Radish, 6 weeks (6▲); 8 weeks (8▲); 
10 weeks (10▲) old plants. Brassica rapa, 6 weeks (6Δ); 8 weeks (8 Δ); 10 weeks 
(10 Δ) old plants. a= glutamine, glutamate, alanine, threonine, valine, chlorophyll, 
lutein, -carotene, 9-cis--carotene, neoxanthin, violaxanthin, 3-
hydroxypropylglucosinolate. b = ascorbic acid, glucose, fumaric acid, 4-
hydroxyglucobrassicin, 4-methoxyglucobrassicin, gluconasturtiin, gluconapin, 
glucoraphanin, sinigrin. c = phenylpropanoids, -tocopherol, -tocopherol, 





Comparing the metabolome of different developmental stages of 
the whole plant it is observed that amino acids and organic acids 
(glutamine, glutamate, alanine, threonine, valine, fumaric acid, ascorbic 
acid), glucose, chlorophyll, carotenoids, glucosinolates (3-
hydroxypropylglucosinolate, 4-hydroxyglucobrassicin, 4-
methoxyglucobrassicin, gluconasturtiin, gluconapin, glucoraphanin, 
sinigrin), are highest in 6 weeks old total plant leaves of both species, 
while by further development from 6 to 10 weeks, sucrose, 
phenylpropanoids, tocopherol, two glucosinolates (glucobrassicin, 
neoglucobrassicin) are increased (Figure 5). Almost similar behaviour is 





































































Figure 1B. Score plot of PCA for roots of Brassica rapa (var. raapstelen) and 
Raphanus sativus (radish), based on whole range of 1H NMR signals ( 0.3 –  10.0, 
bucketed data) and HPLC (quantitative) data. Radish, 6 weeks (6▲); 8 weeks (8▲); 
10 weeks (10▲) old plants. Brassica rapa, 6 weeks (6Δ); 8 weeks (8 Δ); 10 weeks 
(10 Δ) old plants. a = fumaric acid, -carotene, -amino butyric acid. b = threonine, 
glucose. c = phenylpropanoids, valine, lutein, alanine, glucobrassicin. d = sucrose, 
dry weight, 3-hydroxypropylglucosinolate, glucoraphanin, sinigrin, 4-
hydroxyglucobrassicin, gluconasturtiin, gluconapin, neoglucobrassicin. 
 


























Figure 3 Concentration of ascorbic acid (mg/g) and at different developmental stages 
of Raphanus sativus (A) and Brassica rapa (var. raapstelen) (B) leaves. RHL = 
Radish leaves; RHR = Radish roots; RNL = Raapstelen leaves; RNR = Raapstelen 
roots; 6 weeks old plant (6); 8 weeks old plants (8); 10 weeks old plants (10). *; ** = 
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Figure 2 Concentration of violaxanthin and neoxanthin (g/g of dry weight) and at 
different developmental stages of Raphanus sativus (A) and Brassica rapa (var. 
raapstelen) (B) leaves. RHL = Radish leaves; RHR = Radish roots; RNL = Raapstelen 
leaves; RNR = Raapstelen roots; 6 weeks old plant (6); 8 weeks old plants (8); 10 

















If inter-species comparison of leaves of Brassica rapa and 
Raphanus sativus is studied, high amounts of glutamine, glutamate, 
alanine, threonine, valine, chlorophyll, phenylpropanoids, carotenoids, -
tocopherol, -tocopherol, glucobrassicin and 3-hydroxypropyl-
glucosinolate was found in Raphanus sativus while  sucrose, glucose, 
ascorbic acid, fumaric acid,-tocopherol, -tocopherol, 4-
hydroxyglucobrassicin, 4-methoxyglucobrassicin, gluconasturtiin, 
gluconapin, glucoraphanin, sinigrin and neoglucobrassicin were found to 
be higher in Brassica rapa leaves (Figure 1). Generally a decrease in 
glucosinolate content is observed with increasing age of plants of both 
species, except for glucobrassicin and neoglucobrassicin which were 
found to increase during development (Figure 4). 
In certain cases, like for sinigrin, 3-hydroxypropylglucosinolate, 
4-hydroxyglucobrassicin, and glucobrassicin, a different course of the 
concentration is observed. These glucosinolates showed a sudden 
increase or decrease in concentration, in 8 week old plants, following by 
a decrease or increase in 10 week old plants, respectively. This irregular 
behaviour is observed in both leaves and roots of both species, showing 
that this effect occurs in whole of the plant (Figure 4). 
The aliphatic and indole glucosinolate profiling of the leaves of 
both species (B. rapa var. raapstelen and Raphanus sativus) showed that 
3-hydroxypropylglucosinolate, glucobrassicin are the major 
glucosinolates (Figure 4A & 4C), while Brassica rapa leaves were also 
found to contain a higher amount of neoglucobrassicin (Figure 4A) as 
comparative to other glucosinolates. Gluconasturtiin and 3-
hydroxypropylglucosinolate are found as major glucosinolates in B. rapa 
roots (Figure 4B), while glucobrassicin is found to be the major 
glucosinolate in radish roots (Figure 4D). The violaxanthin and 
neoxanthin are the major carotenoids found in leaves of both species 
(Figure 2). A decrease in carotenoids is observed with increasing age of 
plant. The same was observed for ascorbic acid in the leaves of both 
species, whereas in the roots of both, the concentration of ascorbic acid is 
almost constant (Figure 3). Overall, all metabolites measured in both 
species showed a similar behaviour (although not so pronounced in case 
of Brassica rapa roots) in the leaves and roots. 


















Figure 4. Concentration of glucosinolates (mg/g of dry weight) at different 
developmental stages of Brassica rapa (var. Raapstelen) and Raphanus sativus 
leaves. RNL = Raapstelen leaves (A); RNR = Raapstelen roots (B); RHL = Radish 
leaves (C); RHR = Radish roots (D); 6 weeks old plant (6); 8 weeks old plants (8); 10 
weeks old plants (10). Glucobrassicin (GBC), Glucoerucin (EU), Gluconapin (GNA), 
Gluconasturtiin (NAS), Glucoraphanin (RAPH), Neoglucobrassicin (NEO), 4-
hydroxyglucobrassicin (4OH), 4-methoxyglucobrassicin (4MeOH), 3-
hydroxypropylglcosinolate (3OH prop), Sinigrin (SIN). * = The value shows a 











































































































































































Figure 5. Change in metabolite quantities during plant growth. L6 = maximum in 6 weeks old 
plants leaves; L10 = maximum in 10 weeks old plant leaves; R6= maximum in 6 weeks old plant 
roots; R8 = maximum in 8 week old plant roots; R10 = maximum in 10 weeks old plant roots. # = 
The exception of the fumarate, threonine and glucose are higher in 8 weeks old roots in case of 
Brassica rapa while glucobrassicin and 3-hydroxypropylglcosinolate are higher in 8 weeks old 
radish leave and glucobrassicin is also higer in 8 weeks old radish roots. TCA = tricarboxylic acid 
cycle; MVA= mevalonate pathway; MEP = 2-C-methyl-D-erythritol 4-phosphate pathway. 
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4 Conclusion 
Overall the young Brassica plants showed higher levels of amino 
acids, organic acids, glucose, carotenoids, glucosinolates and 
chlorophyll. During plant development and growth the chemical 
composition of the plant changes. This change in metabolite profile 
(Figure 4) during growth represents the change in metabolomic fluxes in 
different pathways. The present study also shows the importance of plant 
age as a factor for nutritional value of a plant for human consumption as 
the younger plants can be a better source of nutrients if compared with 
old plants. The results from this study provide a better understanding of 
plant metabolites with reference to developmental stage. In future studies 
plant age should be kept in mind as an important factor, especially in 
case of the plant interactions with its environment factors. 
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Figure 6. Concentration of sucrose and glucose (mg/g of dry weight) in radish leaves 
(A), radish roots (B), raapstelen leaves (C) and raapstelen roots (D) at different 
developmental stages. RHL = Radish leaves; RHR = Radish roots; RNL = Raapstelen 
leaves; RNR = Raapstelen roots; 6 weeks old plant (6); 8 weeks old plants (8); 10 weeks 




























































































Figure 7. Concentration of alanine, valine and threonine (mg/g of dry weight) in radish 
leaves (A), radish roots (B), raapstelen leaves (C) and raapstelen roots (D) at different 
developmental stages. RHL = Radish leaves; RHR = Radish roots; RNL = Raapstelen 
leaves; RNR = Raapstelen roots; 6 weeks old plant (6); 8 weeks old plants (8); 10 weeks 






































































































































Figure 8. Concentration of -carotene and lutein (ng/g of dry weight) in radish leaves 
(A) and raapstelen leaves (B). RHL = Radish leaves; RNL = Raapstelen leaves; 6 weeks 
old plant (6); 8 weeks old plants (8); 10 weeks old plants (10). *; ** = The value shows a 





































Figure 9. Concentration of -tocopherol and -tocopherol (ng/g of dry weight) in 
Radish leaves (A) and raapstelen leaves (B). RHL = Radish leaves; RNL = Raapstelen 
leaves; 6 weeks old plant (6); 8 weeks old plants (8); 10 weeks old plants (10). * = The 
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Plants are continuously challenged by pathogens. Among a 
number of environmental factors, pre-harvest contamination of plants 
with pathogens responsible for enteric diseases in humans is of major 
international concern. Despite the knowledge of how bacterial infestation 
can affect the biological system of plants, little is known about the effect 
of the interaction of these bacteria on the plant’s metabolome. In order to 
investigate possible metabolomic changes of Brassica rapa induced by 
typically foodborne bacteria such as Bacillus subtilis, Staphylococcus 
aureus, Escherichia coli, Salmonella typhimurium and Shigella flexneri, 
1 dimensional (1D) and 2 dimensional (2D) NMR spectra were measured 
and analyzed by principal component analysis (PCA) and partial least 
square–discriminant analysis (PLS-DA).  
The metabolomic changes were found to vary according to 
bacterial species; for example, Gram-positive and Gram-negative 
bacteria had a different effect on the Brassica metabolome. While 
threonine and GABA were found to be the discriminating metabolites in 
Gram-positive bacteria treated plants, those treated with Gram-negative 
bacteria exhibited a significant increase in sinapoyl malate, caffeoyl 
malate and histidine.  The detailed study of the effect of type of bacteria 
showed that amino acids, alcohols, carbohydrates and phenols were 
discriminating metabolites. These results show the potential of NMR-
based metabolomics as a tool to study the interaction of foodborne 
bacteria with vegetables.   
 
Keywords: Metabolomic analysis, NMR, Multivariate data analysis, 
Brassica rapa, Cultivars, Biological variation, Developmental stages. 




Brassicaceae species have been traditionally included among the 
important food crops in all Asian countries.
42
 Over the past decades 
Brassica production has increased, becoming an important source of oil 
and proteins for animal and human nutrition.
51
 In addition to the 
nutritional benefits, they constitute a very rich source of health-
promoting phytochemicals such as phenols, flavonoids, 
phenylpropanoids, vitamins, glucosinolates, fibres, soluble sugars, fats 
and carotenoids.
55
 Besides this, there is growing evidence that a higher 
intake of Brassica vegetables (e.g., broccoli, cabbage, kale, mustard 




In the wild, plants are constantly interacting with external 
environmental factors. In particular, plants are exposed to the challenge 
posed by pathogens. Among a number of environmental factors, pre-
harvest contamination of plants with bacteria that are responsible for 
enteric diseases in humans is of major international concern.
378
 There are 
many sources of pre-harvest contaminations. In recent years, biological 
products such as manure which might contain pathogenic microbes have 




 Digested urban 
sludge and livestock waste were also found applicable as basal dressing 
for the growth of leafy vegetables.
380
 This, added to the rapid change of 
environmental conditions which lead to different ecological interactions, 




Microbial growth in food is of serious concern as it causes decay, 
loss of nutritional effects and organoleptic properties.
382
 Bacteria are 
known to produce chemicals which can either promote or inhibit the 
growth of other organisms when interacting with plants.
25
 Some of these 
bacteria are pathogenic for the plants, destroying or diminishing their 
photosynthetic output. As a result of the bacterial attack, plants generate 
their own defence mechanisms, triggering many complex biological 
processes. There are a number of reports on the changes at a genetic or 
protein level brought about by phytopathogenic microbes which are 
reflected in a profound alteration of the metabolite pool of the affected 
plants.
383
 However, little is known about the interaction of the plants with 
bacteria that are pathogenic to humans, in particular, those that are 
responsible for enteric infections usually acquired by ingestion of fresh 
Chapter 5 
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fruit and vegetables, such as Escherichia coli and Salmonella species, 
that have the potential for reproduction prior to consumption.
384
  
While there is clear evidence of an effect with plant pathogenic 
microorganisms infection on the plant’s biosynthetic network, the 
interaction of plants with food-borne human pathogens is not yet clear.
385, 
386
  If the metabolome of host plants were quantitatively or qualitatively 
affected by these exogenous bacteria following a clearly distinguishable 
and constant pattern, this could constitute a good tool for the quality 
control of plants to be used as food. Thus, studies on the metabolomic 
interaction of plants and micro-organisms including the total 
heterotrophs, Bacillus cereus, Clostridium perfringens, Staphylococcus 
aureus, E. coli, Salmonella species, and Shigella species are necessary.
387
 
An investigation of the plant metabolome, that is, of all its 
metabolites, is an extremely   complex task due to the large number and 
variety of compounds. It is unlikely that a single analytical method could 
provide information about all the metabolites in plants, since the diversity 
of their structures results in a wide range of physical properties and 
chemical characteristics, such as volatility, polarity, solubility, 
chromatographic behaviour and detectability, the use of multiple methods 
is required. Particularly in the case of the interaction between plants and 
bacteria an unbiased method that allows the simultaneous detection of as 
wide array of metabolites as possible, is essential. In this context the use 
of metabolomics, a comprehensive profiling of metabolites achieved 
through the analytical methods and the multivariate data analysis of 
results thus generated seems most suited. 
Among the analytical methods appropriate for the implementation 
of this technique,
 
nuclear magnetic spectroscopy (NMR) is an optimum 
choice for the first step, that is, the acquisition of data of general 
metabolite composition of the sample. It is a quick, non-destructive 
method which simultaneously detects all proton-bearing compounds such 





H NMR has a relatively low sensitivity compared with other 
methods such as mass spectrometry (MS), it has the advantage of 
allowing the detection and easy absolute quantitation of diverse groups of 
plant metabolites in a single run. Therefore many researchers have 
chosen it as a first macroscopic approach to metabolomic studies. 
The aim of the present study was to investigate the effect of 
certain foodborne human pathogenic bacteria on the Brassica rapa 
metabolome. To follow and detect these changes, 
1
H NMR and two 
dimensional NMR spectra, coupled with principal component analysis 
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(PCA) and partial least square–discriminant analysis (PLS-DA) were 
applied. 
 
2 Materials and Methods 
 
2.1 Preparation of MS 0.5 media 
Seeds were grown on Murashige and Skoog (MS medium – 0.5) 
solid medium 
389
 and the seedlings were transferred in conical flasks 
containing MS (0.5) liquid medium including vitamin B5 and 0.3% (w/v) 
sucrose. Previous experiments were performed with  different 
concentrations of auxin (2,4-dichlorophenoxyacetic acid) and cytokinin 
(6-benzylaminopurine) in order to select the best combination of these 
hormones for growth of Brassica rapa (var. raapstelen) seedlings in 
liquid media. Optimum growth was observed in control samples, so no 
hormones were added to the seedlings in experimental conditions. 
 
2.2 Plant and microbial material 
Brassica rapa seeds of a registered cultivar (var. raapstelen, 
Groene Gewone) were germinated in MS (0.5) media. After surface 
sterilization, the seeds were sown in MS (0.5) solid media in conical 
flasks under sterilized conditions and kept in cold storage (4 

C) in the 
dark overnight, after which they were transferred to the greenhouse and 
kept in 24-hour daylight conditions. Five days later, the seedlings were 
transferred to a MS (0.5) liquid media in sterile conditions and kept in a 
shaker at 75 rpm in continuous light conditions. After nine days of plant 
growth, the liquid media were inoculated individually with 500 μl of 
different bacteria cultures (Bacillus subtilis, Staphylococcus aureus, 
Escherichia coli, Salmonella typhimurium and Shigella flexneri), with a 
bacterial concentration of 10
8
/ml. The control sample was treated with 
500 μl of the sterilized liquid broth used for bacteria culture, while an 
untreated sample of seedlings was kept as a blank sample. After three 
days of the bacterial inoculation at room temperature, the plants were 
removed from flasks, washed thoroughly with running tap water and then 
with sterilized and deionized water, roots were removed and leaves were 
immediately frozen in liquid nitrogen. Prior to extraction all material was 
pulverized in liquid nitrogen using a mortar and pestle and freeze-dried. 





2.3 Extraction of plant material and NMR measurements 
Fifty mg of freeze dried material were transferred to a microtube 
(2 ml) to which 1.5 ml of 50% methanol-d4 in D2O (KH2PO4 buffer, pH 
6.0) containing 0.05% TMSP (trimethyl silyl propionic acid sodium salt, 
w/v) was added. The mixture was vortexed at room temperature for 1 
min, ultrasonicated for 20 min, and centrifuged at 13,000 rpm at room 
temperature for 5 min. Eight hundred l of the supernatant was 
transferred to a 5 mm NMR tube.  
1
H NMR and 2D J-resolved spectra were recorded at 25 
o
C on a 
500 MHz Bruker DMX-500 spectrometer (Bruker, Karlsruhe, Germany) 
operating at a proton NMR frequency of 500.13 MHz. MeOH-d4 was 
used as the internal lock. Each 
1
H NMR spectrum consisted of 128 scans 
requiring 10 min and 26 sec acquisition time with the following 
parameters: 0.16 Hz/point, pulse width (PW) = 30
o
 (11.3 sec), and 
relaxation delay (RD) = 1.5 sec. A presaturation sequence was used to 
suppress the residual H2O signal with low power selective irradiation at 
the H2O frequency during the recycle delay. FIDs were Fourier 
transformed with LB = 0.3 Hz. The resulting spectra were manually 
phased and baseline corrected, and calibrated to TMSP at 0.0 ppm, using 
XWIN NMR (version 3.5, Bruker). 2D J-resolved NMR spectra were 
acquired using 8 scans per 128 increments for F1 and 8 k for F2 using 
spectral widths of 5000 Hz in F2 (chemical shift axis) and 66 Hz in F1 
(spin-spin coupling constant axis). A 1.5 sec relaxation delay was 
employed, giving a total acquisition time of 56 min. Datasets were zero-
filled to 512 points in F1 and both dimensions were multiplied by sine-
bell functions (SSB = 0) prior to double complex FT. J-resolved spectra 
tilted by 45
o
, was symmetrized about F1, and then calibrated, using 





(COSY), heteronuclear single quantum coherence (HSQC), and 
heteronuclear multiple bonds coherence (HMBC) spectra were recorded 
on a 600 MHz Bruker DMX-600 spectrometer (Bruker). The COSY 
spectra were acquired with 1.0 sec relaxation delay, 6361 Hz spectral 
width in both dimensions. Window function for COSY spectra was sine-
bell (SSB = 0). The HSQC spectra were obtained with 1.0 sec relaxation 
delay, 6361 Hz spectral width in F2 and 27 164 Hz in F1. Qsine (SSB = 
2.0) was used for the window function of the HSQC. The HMBC spectra 
were recorded with the same parameters as the HSQC spectrum except 
for 30183 Hz of spectral width in F2. The optimized coupling constants 
for HSQC and HMBC were 145 Hz and 8 Hz, respectively.  
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2.4 Data Analysis 
The 
1
H NMR spectra were automatically reduced to ASCII file. 
Spectral intensities were scaled to total intensity and reduced to 
integrated regions of equal width (0.04) corresponding to the region of  
0.3 –  10.0. The region of  4.75 –  4.9 and 3.28 – 3.34 was 
excluded from the analysis because of the residual signal of HDO and 
CD3OD, respectively. Bucketing was performed by AMIX software 
(Bruker) with scaling on total intensity. Principal component analysis 
(PCA) and partial least square–discriminant analysis (PLS-DA) were 
performed with the SIMCA-P software (v. 11.0, Umetrics, Umeå, 
Sweden) with scaling based on Pareto and unit variance method, 
respectively. 
 
3 Results and discussion 
A number of metabolites including amino acids, organic acids, 
carbohydrates and phenylpropanoids were identified from bacterial 
infected Brassica rapa using 
1
H NMR and 2D J-resolved spectra together 




H COSY, HSQC and HMBC 
spectra (Table 1). The amino acids and organic acids region ( 0.8 –  
4.00) showed 
1
H NMR signals of alanine, threonine, valine, malate, 
glutamate, glutamine, acetate and GABA (-amino-butyric acid).  
The strong signals of the amino acids and organic acids together 
with sugars made it easier to elucidate the signals by comparison with 
reference compounds. Most of the metabolites in the aromatic region 
(6.0 – 8.5) were found to be secondary metabolites but low signal 
intensity and lack of reference compounds made it difficult to elucidate 
their structures. Based on previous reports, 
354
 diverse phenylpropanoids 
were identified in Brassica leaves. The doublets in the range of  6.30 -  
6.50 (J = 16.0) having COSY correlation with doublets at  7.30 -  7.85 
(J = 16.0) and coupling with carbonyl carbons at  171 in HMBC 
spectrum are typical signal of H-8 of trans-phenylpropanoids. Four 
trans- and three cis-phenylpropanoids (Table 1) were identified using 
COSY, HMQC and HMBC spectra. However, the cis- forms of 
phenylpropanoids are considered to be artifacts of their trans- forms 
possibly produced during extraction or sample storage.
354
  
Clear differences were detected in the 
1
H NMR spectra of treated 
plants when compared with both the blank and control samples.  In the 
first place, fermentation products such as short chain alcohols or acids 
exhibited a high variability: high levels of 2,3-butanediol at .14 (d, J = 
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6.4) were detected in  B. subtilis and S. typhimurium treated plants, while  
increased levels of acetate  at  1.91 (s)  were found in B. subtilis, E. coli 
and S. flexneri treated plants (Figure 1). The fermentation product 2,3-
butanediol has been  reported to cause induced systemic resistance (ISR) 
of plants which might play a role in the triggering of the production of 
plant primary and secondary metabolites.
390
 These increased short chain 
alcohols and acids might not be products of plant biosynthesis but from 
the infecting bacteria and subsequently taken up by the plants. 
Glucosinolate levels after infection are known to be increased
306
 but in 






























Figure 1 – 1H NMR spectra (500 MHz,) of control Brassica rapa leaves (a), 
infected with Bacillus subtilis (b), Escherichia coli (c), Shigella flexneri (d) in the 
range of  0.9 –  2.0. 1; acetate, 2; alanine, 3; threonine, 4; 2,3-butandiol, 5; 
valine. The spectra were measured in the mixture of KH2PO4 in D2O (pH 6.0)–
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Table 1 – Characteristic 1H chemical shifts () and coupling constant (Hz) of 
hydroponically grown Brassica rapa metabolites obtained from 1D and 2D NMR 
spectra in 50% methanol-d4 in D2O (KH2PO4 buffer, pH 6.0). 
 
 Metabolite Chemical () shift and coupling constant (Hz) 
Acetate 1.91 (s) 
Alanine 1.48 (d, J = 7.3), 3.73 (q, J = 7.2) 
γ-Amino-butyric 
acid (GABA) 
1.90 (m), 2.30 (t, J = 7.2), 3.01 (dd, J = 8.4, 6.3) 
trans-Caffeoyl 
malate 
2.62 (dd, J = 15.3, 11.3), 5.21 (dd, J = 11.5, 2.7), 6.43 
(d, J = 16.1), 6.84 (d, J = 8.8), 7.14 (dd, J = 6.9, 1.6), 
7.64 (d, J = 16) 
cis-Coumaroyl 
malate 
2.58 (dd, J= 15.3, 11.3), 5.18 (dd, J=11.5, 2.7), 5.95 (d, 
J= 13.0), 6.80 (d, J= 8.8), 6.90 (d, J= 9.2), 6.93 (d, J= 
13.6), 7.07 (d, J= 8.5), 7.60 (d, J= 9.2)  
trans-Coumaroyl 
malate 
2.62 (dd, J = 5.3, 11.3), 5.21 (dd, J= 11.5, 2.7), 6.49 (d, 
J = 15.9), 6.84 (d, J = 8.8), 7.58 (d, J = 9.1), 7.67 (d, J 
= 16.2) 
cis-Feruloyl malate 
2.58 (dd, J = 15.3, 11.3), 5.18 (dd, J = 11.5, 2.7), 5.99 
(d, J = 13.0), 6.84 (d, J= 8.8), 6.94 (d, J = 13.6), 7.13 
(dd, J= 9.4, 2.0), 7.83 (d, J= 3.0) 
trans-Feruloyl 
malate 
2.62 (dd, J = 15.3, 11.3), 5.21 (dd, J = 11.5, 2.7), 6.49 
(d, J = 16.0), 6.89 (d, J = 8.2), 7.13 (dd, J = 8.8, 2.1), 
7.27 (d, J = 2.3), 7.66 (d, J = 16.3)  
Fumarate 6.53 (s) 
-Glucose 3.4 (m), 3.47 (dd, J = 9.8, 3.6), 5.19 (d, J = 3.8) 
-Glucose 4.59 (d, J = 8.0) 
Glutamate 2.13 (m), 2.46 (m), 3.72 (t, J = 6.0) 
Glutamine 2.14 (m), 2.47 (m) 
Histidine 
3.16 (dd, J = 6.5, 1.5), 3.25 (d, J = 8.2, 1.5), 7.12 (d, J 
= 1.6), 7.93 (d, J = 1.6) 
Malate 
2.68 (dd, J = 15.3, 3.2), 2.38 (dd, J = 16.3, 6.8), 4.28 
(dd, J = 9.8, 3.3) 
cis-Sinapoyl malate 
2.58 (dd, J = 15.3, 11.3), 5.18 (dd, J = 11.5, 2.7), 5.93 
(d, J = 13.0), 7.15 (s), 6.93 (d, J = 13.6) 
trans-Sinapoyl 
malate 
2.62 (dd, J = 15.3, 11.3), 5.21 (dd, J = 11.5, 2.7), 6.93 
(s), 6.50 (d, J = 16.0), 7.67 (d, J = 16.3) 
Sucrose 
3.44 (dd, J = 9.9, 8.5), 3.51 (m), 3.73 (d, J = 6.8), 4.05 
(d, J = 6.7), 4.17 (d, J = 8.5), 5.4 (d, J = 4.0) 
Threonine 1.33 (d, J = 7.0) 
Valine 1.00 (d, J = 7.1), 1.05 (d, J = 7.1), 2.29 (m) 
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The constitutive plant metabolite content showed a very 
significant change. In particular, the level of GABA was clearly 
increased in B. subtilis, S. flexneri, and S. aureus infected plants as 
compared with other treatments and control/blank.  An increase in 
sucrose, -glucose, -glucose, alanine, threonine (Figure 2), and some 
phenylpropanoids was also observed in bacteria treated samples. 
Grouping the observed metabolomic alterations, it was found that there 
was a difference in the plants infected by Gram (+) and Gram (–) 
bacteria. While phenolic metabolites increased in all treated samples, 
high levels of histidine, feruloyl-malate and caffeoyl-malate were 
detected in Gram (–) infected plants only (E.coli, S. flexneri, and S. 
typhimurium in this study) whereas Gram (+) bacteria (B. subtilis and S. 
aureus) infected plants displayed increased levels of coumaroyl-malate 
and fumarate. The increase of phenolic compounds might be explained as 




First principal component analysis (PCA) was used to identify 
metabolomic changes, after bacterial treatment of Brassica plants in an 
unbiased manner. In the PCA score plot, control and blank samples were 
grouped together, showing that the broth by itself had no effect on the 
metabolome, while different bacterial treated plants were clearly 
discriminated from the control and blank samples. Additionally, each 
treated plant displayed metabolomic changes which differed for each 
type of infecting bacteria as can be observed in Figure 2.  
In the score plot there were  four well defined  groups 
corresponding to blank and control; B. subtilis and E. coli; S. flexneri and 
S. aureus; and S. typhimurium treated plants, all separated by PC1 and 
PC2 (Figure 2). For the investigation of differentiating metabolites, a 
loading plot was used in which the correlation between grouping and 
correlated metabolites was shown. The primary metabolites contributing 
to the discrimination were found to be glutamic acid, glutamine, glucose, 
sucrose, alanine, threonine, GABA and acetate (Figure 2). The highest 
glutamine and glutamate content was observed in control and blank 
plants but the treatment with S. flexneri and S. aureus was observed to 
increase the level of sucrose in Brassica leaves. In the case of S. 
typhimurium, glucose proved to be differentiating metabolite from 
control and other treated plants. Acetate, threonine, and GABA were 
responsible for the discrimination of B. subtilis and E. coli treated plants 
from other treatments both in PC1 and PC2 (Figure 2). 


























A clear separation in PCA was observed between Gram (+) (S. 
aureus & B. subtilis) bacteria treated plants. The separation of S. aureus 
was due to coumaroyl malate, sucrose, -glucose, -glucose and 
glutamic acid. Separation of B. subtilis in PCA was determined by the 
presence of feruloyl-malate, sinapoyl-malate, threonine, alanine, GABA 
and histidine (Figure 3). Similarly, a clear discrimination of Gram (–) 
(E.coli, S. flexneri and S. typhimurium) bacteria-treated plants was 
observed. Separation of S. typhimurium was due to sinapoyl malate and 
S. flexneri was separated due to signals of caffeoyl-malate, coumaroyl-
malate and histidine, while E. coli was separated due to feruloyl-malate 
and fumarate signals in PCA (Figure 4). 
Figure 2 – Score plot of PCA based on whole range of 1H NMR signals ( 0.3 –  
10.0). 1; Control (with 500 l of sterilized broth), 2; blank (without bacteria and 
broth), and plants treated by 3; Bacillus subtilis, 4; Staphylococcus aureus, 5; 






































































Figure 3 – Score plot of PCA based on whole range of 1H NMR signals ( 0.3 –  

































Figure 4 – Score plot of PCA based on whole range of 1H NMR signals ( 0.3 –  
10.0). Plants treated by Gram negative bacteria 5; Shigella flexneri, 6; Salmonella 
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As next step for metabolomic analysis, the partial least square–
discriminant analysis (PLS-DA). PLS-DA is performed based on pre-
input information, i.e. unlike the unbiased system used for PCA, 
information is classified prior to its input.  The most important 
information obtained  from PLS-DA is the correlation between two data 
sets, in this case, the investigation of  
1
H NMR signals and their 
classification such as control, blank, Gram(+) and Gram (–) treated 
plants. For the classification required by PLS-DA three groups were 
applied. Group 1 was for control and blank samples, group 2 for Gram 
(+) bacteria treated Brassica, and group 3 for Gram (–) treated ones. In 
the PLS-DA score plot those three groups were well separated (Figure 
5a). The identification of characteristic metabolites in each group loading 
plot of PLS-DA is displayed in Figure 5b. Threonine and GABA were 
found to be the discriminating metabolites in Gram (+) bacterial treated 
plants. However, in the case of Gram (–) bacterial treated ones, sinapoyl-
malate, caffeoyl-malate and histidine were clearly increased, while sugar, 
glucose, glutamine and glutamate levels were decreased. 
Plant disease resistance to pathogens such as fungi, bacteria, and 
viruses often depends on whether the plant is able to recognize the 
pathogen. Recognition of pathogens triggers a large range of inducible 
defence mechanisms that are believed to contribute to overall resistance 
in the plant.
391
 Plants, for example, can synthesize secondary metabolites 
as a defensive response. It has been observed that the level of production 
of phenolic compounds is particularly sensitive to the type of attacking 
bacteria.
392
 This is of course, a relevant factor for a plant that will be 
included in human diet, since these compounds are particularly bioactive 
and have pronounced effects.
393
 By comparing different spectra the 
increase in the production of GABA, phenylpropanoids, glutamine, 
glutamate, sugars and amino acids was confirmed. A clear separation in 
PCA of plants submitted to the different treatments shows that bacterial 
strains differ in their ability to induce resistance in Brassica rapa leaves.  
These pathogens have developed sophisticated mechanisms to 
interact with their hosts through a specialized protein secretion system, 
which has been identified in several Gram (–) pathogenic bacteria 
including the plant pathogens Pseudomonas spp., Erwinia spp. and 
Xanthomonas spp. and the animal pathogens Salmonella spp., 
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Figure 5 – Score (A) and loading plot (B) of PLS-DA based on whole range of 1H 
NMR signals ( 0.3 –  10.0). 1; Control, 2; blank, and plants treated by 3; Bacillus 
subtilis, 4; Staphylococcus aureus, 5; Shigella flexneri, 6; Salmonella typhimurium, 
and 7; Escherichia coli. Control and blank region in loading plot contains glucose (1), 
sucrose (2), valine (3), glutamine (4), glutamate (5). Region of gram negative 
bacterial treatment in PLS-DA loading plot contains sinapoyl malate (6), caffeoyl 
malate (7) and histidine Region of gram positive bacterial treatment in PLS-DA 
loading contains threonine (9) and-Amino-butyric acid (GABA) (10). 
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 The decrease in the quantity of sugars produced in all bacteria-
treated plants can be attributed to the relocation of plant resources and 
utilization of sugars for primary and secondary metabolism,
376, 395
 
especially in the case of B. subtilis and E. coli treated plants. Production 
of GABA, a non protein producing amino acid derived from glutamate 
catabolism after abiotic and biotic stresses was also observed in all 
treatments. It is thought that it acts as a signal molecule.
396
 
Increase of primary and secondary metabolites in infected plants 
suggested that biotic stress by the tested human pathogenic bacteria could 
cause induced systemic resistance (ISR) in Brassica leaves. In general, 
these compounds are either absent or present in very low concentrations 
in healthy plants. However, upon infection their concentration increases 




Plant response to bacterial stress depends on the type of invading 
bacteria. The set of metabolites affected by different microorganisms 
differed, probably reflecting the chemical environment of the invaded 
tissue and the mechanism of action of the infecting bacteria.
352
 The 
present results show the potential of NMR to study the interaction of 
foodborne bacteria and vegetables. NMR- based metabolomics seems a 
promising tool for studying preharvest conditions on the quality of 
vegetables.  
More insight in the plant response to microorganisms may lead to 
the identification of specific biomarkers for plants infected with certain 
types of microorganisms as this study indicate that there might be a 
difference between plant infected with Gram+ and Gram– bacteria. The 
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Plants always face biotic and abiotic environmental stress factors 
during growth. Among the abiotic factors, particularly, great attention 
has been paid to metals not only because of their increasing amounts in 
the environment due to rapid industrial development but also because of 
the variation of metal composition in soil. Cultivation of crops close to 
industrial areas or irrigation with contaminated water may result in both 
growth inhibition and tissue accumulation of metals. Brassica species are 
well known as metal accumulators and are being used for 
phytoremediation of contaminated soils. However, the metal tolerance 
mechanism in the plant still remains unclear. In order to investigate the 
metabolomic changes induced by metal ions in Brassica, plants were 
subjected to concentrations 50, 100, 250 and 500 mmol of copper (Cu), 
iron (Fe) and manganese (Mn) in separate treatments. 
1
H NMR and two-
dimensional NMR spectra coupled with principal component analysis 
(PCA) and partial least square-discriminant analysis (PLS-DA) were 
applied to investigate the metabolomic change of Brassica rapa (var. 
raapstelen). Based on the 
1
H NMR analysis followed by the application 
of chemometric methods, a manifold of metabolomic consequences was 
observed. For the treatments phenylpropanoids, glucosinolates as well as 
the primary metabolites like carbohydrates and amino acids were found 
to be the discriminating metabolites. This study shows that the effect of 
Cu and Fe on the plant metabolome was larger than that of Mn and that 
the metabolomic changes varied not only according to the type of metal 
but also to its concentration. 
 
Keywords: Brassica rapa, Metabolomic analysis, Metal ions, NMR 
spectroscopy, Partial least square-discriminant analysis. 
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1 Introduction  
The high level of genetic resemblance between Brassica and 
Arabidopsis has allowed it to be considered as an alternative model 
system in the field of plant physiology. Additionally, its wide distribution 
in nature has led to the existence of very different ecotypes, due to which, 
Brassica species are considered one of the most important plant models 
to study the interaction between the plant and diverse environmental 
factors including metals in soil, UV and drought, as well as living 
organisms such as insects, fungi, or bacteria.
397-399
 Economically, 
Brassica species are becoming important food crops and are considered 
to be an invaluable source of vegetable oil and proteins for human 
nutrition.
51
 Moreover, Brassica vegetables are well known for their 
varied nutrients such as vitamins, glucosinolates, soluble sugars, fats, and 
carotenoids as well as fibres.
400
 In terms of other secondary metabolites, 
the plants are good sources of health-promoting phytochemicals 
including phenolics, flavonoids and phenylpropanoids.
55
 Brassica plants 
have been mainly used for their nutritional qualities but recently, 
phytoextraction combined with biofuel production is becoming a 
profitable enterprise.
401
 Consequently, further improving the efficient 
production of Brassica crops is of great interest due to their current large 
demand in the market.  
Throughout their growth, plants have frequently to cope with 
unfavourable environmental conditions, such as pesticides, drought, UV, 
light deficit, salt, metals as well as herbivores and infection with bacteria, 
fungi and viruses. Among the exogenous factors, metals have particularly 
attracted the attention of researchers, not only because they are part of the 
soil components but also because the rapid increase in industrial 
activities might bring about a larger exposure and consequently uptake of 
metals. 
Application of sewage sludge to the soil provides a significant 
amount of the plant nutrients including copper (Cu), manganese (Mn), 
iron (Fe), zinc (Zn), phosphorus (P) and potassium (K).
23
 If applied in 
excessive amounts however, Cu, Fe and Mn may become major 
contaminants as is the case with drainage and agricultural soils treated 
with sludge.
23, 402
 In this study, the metabolomic response of Brassica to 
the presence of some of these metals was evaluated, subjecting its leaves 




Cultivation of crops close to contaminated sites may lead to both 
growth inhibition and tissue accumulation of metals, resulting in possible 
risks to humans or livestock if these tissues are ingested.
403
 As an 
example, the growth of Brassica species has been reported to be greatly 
retarded by the accumulation of cadmium (Cd), copper (Cu), lead (Pb), 
zinc (Zn).
403
 Brassica juncea has been reported to accumulate high levels 
chromium (Cr) and nickel (Ni). Such metal accumulating plants show a 
remarkable degree of selectivity in their uptake and protection 
mechanisms exhibiting a high specialization according to the species and 
the metal. 
404
 Soluble metals may enter the root by either active or 
passive transport and likely to move from the roots to the shoots during 




On the other hand Brassica crops can be enriched by growing on 
different metal concentrations and administrated as specific mineral 
supplements for human consumption.
107
 The presence of redox active 
metals like Fe and Cu  results in H2O2 and hydroxide ion production via 
Fenton type reactions, causing cellular injury in plants.
21
 Even 
micronutrients such as Mn may cause oxidative stress when available in 
excess.
20
 In this situation plant survival depends on its capacity to 
increase specific pathways for reactive oxygen species (ROS) removal.
405
 
Response to metal toxicity is expressed in a variety of different 
ways. These include immobilization, exclusion, chelation and 
compartmentalization of the metal ions aside from the expression of 
more general stress response mechanisms through organic acids, such as 
citrate, malate, and some amino acids. Histidine is particularly important 
in the chelation of metal ions.
406
 Increased production of reactive oxygen 
species followed by primary defence reactions also result in the increased 
production of secondary metabolites
407
 such as phenylpropanoids, 
terpenoids and alkaloids.
408
 However, despite these efforts, more research 
is needed to completely understand the metal tolerance mechanism in the 
plant system. So far, metal and plant interaction in terms of metabolomic 
response, has not been thoroughly studied.
409
 
Metabolomic studies are always considered to be complex due to 
the large number of metabolites involved. Though it is almost impossible 
for one single analytical method to provide information about all the 
metabolites in plants, nuclear magnetic spectroscopy (NMR) constitutes 
an optimum choice for the first step of a metabolomic study from a 
macroscopic viewpoint. It is a non-destructive method and can 
simultaneously detect and quantify all proton-bearing compounds such as 
Metal ions-inducing metabolites accumulation in Brassica rapa 
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phenolics, carbohydrates, amino acids, fatty acids, amines, esters, lipids 




H NMR is rather insensitive 
compared with other methods such as mass spectrometry (MS), it has the 
advantage of allowing the detection of diverse groups of plant 
metabolites in a single run, thus motivating  researchers to use it as a 
macroscopic approach for metabolomics. 
The aim of the present research was to examine the metabolomic 
changes in Brassica rapa leaves and roots subjected to Cu, Fe and Mn 
stress. For this purpose 
1
H NMR and two dimensional NMR spectra, with 
unsupervised and supervised multivariate data analysis including 
principal component analysis (PCA) and partial least square-discriminant 
analysis (PLS-DA) were applied. 
 
2 Materials and Methods  
 
2.1 Solvents and chemicals 
CH3OH-d4 (99.96%) and D2O (99.00%) were purchased from 
Cambridge Isotope Laboratories Inc (Miami, FL, USA) and NaOD was 
purchased from Cortec (Paris, France). 
 
2.2 Plant material 
Brassica rapa seeds of a registered cultivar (var. raapstelen, 
Groene Gewone) were sown in pots containing soil and kept in cold 
room (4 
o
C) for two days and then transferred to a green house in 24-hour 
light conditions. After six days of growth the seedlings were transferred 
to small pots and watered daily, until four weeks. 
 
2.3 Metal application 
 Stock solutions of 50 mM for each of CuSO4·5H2O, 
FeSO4·7H2O and MnSO4·H2O was prepared. For each metal treatment 
increasing volumes (1, 2, 5 and 10 ml) of each solution was applied to 
the soil near the plant root to achieve amounts of 50, 100, 250 and 500 
mmol of metals respectively. One week after this, the plants were 
harvested and washed thoroughly with deionized water. Leaves and roots 
were separated and immediately frozen in liquid nitrogen. Prior to 
extraction all material was pulverized under liquid nitrogen using a 





2.4 Extraction of plant material  
Three replicates were used for analysis, with one plant for each 
replication. Fifty milligrams of freeze dried material was transferred to a 
microtube (2 ml) to which 1.5 ml of 50% CH3OH-d4 in D2O (KH2PO4 
buffer, pH 6.0) containing 0.05% TMSP (trimethylsilylpropionic acid 
sodium salt, w/v) was added. The mixture was vortexed at room 
temperature for 1 min, sonicated for 20 min, and centrifuged at 13,000 
rpm at room temperature for 5 min. Eight hundred microliters of the 
supernatant was transferred to a 5 mm-NMR tube.  
 
2.5 NMR measurement 
1
H NMR, 2D-J-resolved spectra were recorded at 25 
o
C on a 500 




H-correlated spectroscopy (COSY), heteronuclear single quantum 
coherence (HSQC), and heteronuclear multiple bonds coherence 
(HMBC) spectra were recorded on a 600 MHz Bruker DMX-600 
spectrometer (Bruker). All the NMR parameters were the same to those 




2.6 Data analysis 
Spectral intensities of 
1
H NMR spectra were scaled to total 
intensity and reduced to integrated regions of equal width (0.04) 
corresponding to the region of  0.4-  10.0. The regions of  4.8 –  4.9 
and  3.28 –  3.40 were excluded from the analysis because of the 
residual signal of the deuterated solvents. Principal component analysis 
(PCA) and partial least square-discrimination analysis (PLS-DA) were 
performed with the SIMCA-P software (v. 11.0, Umetrics, Umeå, 
Sweden) based on unit-variance scaling method. ANOVA test for 
1
H 




3 Results and discussion 
Each metabolomic study starts with establishing a database with 
the metabolome of the plants under well defined condition in order to 
learn more about the natural biological variability. In this part of the 
study also the identification of metabolites by means of various 
spectrometric methods is included. 
Thus, in the previous papers of our group we reported the 
identification of a number of metabolites from Brassica rapa. This 
included amino acids, organic acids, carbohydrates, glucosinolates, and 
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phenylpropanoids. Identification was made by 
1
H NMR together with 
diverse 2D spectra including J-resolved, COSY, HSQC, and HMBC 
spectra.
27, 28, 41, 354
 The amino and organic acids region ( 0.80 –  4.00) 
in the spectra showed the signals of acetate, alanine, GABA (-amino-
butyric acid), glutamate, glutamine, malate, serine, threonine and valine, 
while fumarate, phenylalanine and tyrosine were identified in the 
aromatic region. Besides the primary metabolites, diverse glucosinolates 
and phenylproponoids were detected in the 
1
H NMR spectra. In 
particular, more than five phenylpropanoids were clearly detected in J-
resolved spectra using the chemical shift of H-8´ 
28, 354
 (Figure 1). 
In the present study, we further identified signals due to 
glucosinolates. The typical signal of the anomeric protons of 
glucosinolates is a doublet at  4.70 -  5.00 with a coupling constant J = 
10 Hz (Abdel-Farid et al., 2007). Three glucosinolates, progoitrin at  
2.87  (dd, J = 16.0, 10.0 Hz),  4.63 (m),  5.21 (dt, J = 11.0, 2.0 Hz),  
5.34 (dt, J = 16.0, 2.0 Hz), and  5.96 (m), gluconapoleiferin at  2.79 
(dd, J = 15.6, 8.5 Hz),  4.20 (dd, J = 10.0, 7.8 Hz),  2.34 (m),  5.89 
(m),  5.14 (dd, J = 10.0, 2.0 Hz),  5.04 (dd, J = 10.0, 2.0 Hz), and 
glucobrassicanapin  2.7 (m),  2.56 (m),  2.14 (m),  5.88 (m),  5.18 
(dd, J = 17.2, 2.5),  5.10 (dd, J = 17.2, 2.5) were assigned with the help 
of 
1
H NMR spectra (Figure 1), COSY, HSQC and HMBC spectra. 
Using our extensive database of the B. rapa metabolome we 
studied the effect of different metal ions on the metabolome. A large 
difference was observed between the metabolomic profiles obtained by 
1
H NMR analysis of roots and leaves (Figure 1). Sugars, glucosinolates 
and some free amino acids were found to be in higher amounts in roots 
while phenylpropanoids were clearly more concentrated in leaves. In 
order to assess the effect of metal ions on the Brassica metabolome of 
different organs, principal component analysis (PCA) was performed 
separately on leaves and roots. In both cases clear changes in the level of 
amino acids, organic acids, sugars, glucosinolates, and phenylpropanoids 
were observed in all the metal treated Brassica plants when compared 
with control plants (Figure 2). 
The metals evaluated in this study affected the Brassica rapa 
metabolome differently, Cu and Fe having a higher effect than Mn. As 
shown in Figure 2 the PC scores of the plants treated with Cu and Fe are 
more separated than those of manganese from the control. However, in 
all cases, the sugar level evidently decreased in metal treated plants. 































Figure 1 – 1H NMR spectra of Brassica rapa leaves and roots in aromatic (A) and 
amino acid region (B). 1; H-7' of phenylpropanoids, 2; phenolic signal of caffeoyl 
malate, 3; phenolic signal of sinapoyl malate, 4; H-8' of phenylpropanoids, 5; a cytosine 
analogue, 6; phenylalanine, 7; tyrosine, 8; fumarate, 9; progoitrin, 10; a cytosine 
analogue, 11; malate, 12; -amino butyric acid, 13; alanine, 14; threonine, 15; valine, 
16; glucobrassicanapin, 17; gluconapoleiferin, 18; glutamate and glutamine. 
 
The comparison of the results obtained with treated and untreated 
(control) plants, showed that not only the type of metal but also their 
concentration largely affects the level of metabolites. Depending on the 
concentration and type of metal applied, expression of primary and 
secondary metabolites is clearly different (Figure 2). Cu (100 mmol) and 
Fe (100 mmol) treated leaves were grouped together and are well 
separated from control and other treatments by PC1 and PC2 scores, 
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threonine, valine, glutamic acid, glutamine, the malate conjugates of 
ferulic, sinapic, 5-hydroxyferulic and caffeic acid, and of the 
glucosinolates, progoitrin, gluconapoleiferin and glucobrassicanapin.  
Similarly, in roots, Cu (100 mmol) and Fe (100 mmol) treatments 
produced the largest separation of the metabolome of treated and control 
samples. Discrimination in PC1 and PC2 of the results of the 100 mmol 
Cu treatment seems to be due to the level of progoitrin, 
gluconapoleiferin, glucobrassicanapin, fumarate and serine while in Fe 
(100 mmol) treatment the separation was related to amino acids such as 
alanine, threonine, valine, glutamic acid, glutamine and the malate 
conjugates of ferulic, sinapic, 5-hydroxyferulic, and caffeic acid. 
Although a separation among different metal treatments is 
observed in the PCA score plot there is an overlap of different treatments 
which makes it difficult to clearly visualize and understand the effect of 
metal concentration. Therefore, the effect of different concentrations of 
each metal was separately analyzed by PCA. The results of these 
experiments show that increasing the concentration of each metal greatly 
affected the accumulation of sugars, amino acids, phenolic compounds 
















Figure 2 – Score plot (PC1 vs PC2) of PCA for Brassica rapa leaves (A) and roots (B), 
based on whole range of 1H NMR signals ( 0.3 –  10.0). Control (O), Cu (C), Fe (I), 
Mn (M); Control (black-open circle); 50 mmol (); 100 mmol (▲); 250mmol (+); 500 
mmol (). a = glucose, sucrose; b = progoitrin, gluconapoleiferin, glucobrassicanapin, 
fumarate, serine; c = alanine, threonine, valine, glutamate, glutamine, feruloyl malate, 


















































































































A high amount of amino acids, phenolics, and glucosinolates 
were observed in Brassica leaves and roots treated with Cu (100 mmol) 
as compared with the control samples (Figure 3). The same behaviour 
was detected in the case of Fe (100 mmol) treated leaves and roots 
(Figure 4). Conversely, the sucrose and glucose level decreased in the 
treated plants. In the case of Mn, treatments with different concentrations 
were not well separated. 
In order to confirm the results obtained by PCA, another 
multivariate data analysis method, PLS-DA was employed. Although 
PCA is a typical unsupervised method in which all tested samples can be 
grouped on the basis of maximum variation within evaluated samples, a 
minor change might be ignored, particularly when each group exhibits a 
large biological variation compared with that between groups. In this 
context, a type of supervised multivariate data analysis targeting on 
covariance between two datasets is required to investigate minor changes 
responsible for separation between interesting groups. 
Thus in order to review the effect of the type of metal ion, the 
common supervised multivariate data analysis, PLS-DA was applied. 
The samples were grouped into four classes, Cu, Fe, and Mn treated 
Brassica and control plants. As a result of this, a better separation in the 
metabolome of different metal treated plants is observed in PLS-DA as 
compared with PCA.  
For example, in PCA Cu (100 mmol) and Fe (100 mmol) treated 
Brassica were grouped together but in PLS-DA a manifest separation 
was observed even between Cu and Fe. Additionally signals of 
discriminating metabolites were much more clearly visualized. Different 
concentrations of the same metal were grouped together to study the 
principle discriminating metabolites among different treatments and 
control. In PLS score plot (Figure 5 and 6) a clear discrimination was 
observed between iron, copper, control and manganese treated plants. 
The discrimination in leaves (Figure 5) of Cu treated plants was 
observed to be due to alanine, threonine, valine, glutamate, glutamine 
and glucobrassicanapin, while the discrimination in the leaves of Fe 
treated plants was due to feruloyl malate, sinapoyl malate, 5-
hydroxyferuloyl malate, and caffeoyl malate. Progoitrin and 
gluconapoleiferin were also found to be responsible for the separation of 
both the Cu and Fe groups from control and Mn treatments.  
 
 














































































































Figure 3 – Score plot (PC1 vs PC2) of PCA for Brassica rapa leaves (A) and roots (B), 
based on whole range of 1H NMR signals ( 0.3 –  10.0). Control (O), Cu (C); Control 
(black-open circle); 50 mmol (); 100 mmol (▲); 250mmol (+); 500 mmol (). a = 
glucose, sucrose; b = progoitrin, gluconapoleiferin, glucobrassicanapin, fumarate, serine; 
c = alanine, threonine, valine, glutamate, glutamine, feruloyl malate, sinapoyl malate, 5-








































































Figure 4 – Score plot (PC1 vs PC2) of PCA for Brassica rapa leaves (A) and roots (B), 
based on whole range of 1H NMR signals ( 0.3 –  10.0). Control (O), Fe (I); Control 
(black-open circle); 50 mmol (); 100 mmol (▲); 250mmol (+); 500 mmol (). a = 
glucose, sucrose; b = alanine, threonine, valine, glutamate, glutamine, feruloyl malate, 




Meanwhile in the PLS-DA loading scatter plot of root samples 
(Figure 6) a clear separation was observed in Cu treatments due to 
feruloyl malate, alanine, threonine, glutamate, glutamine, glucose, 
progoitrin, gluconapoleiferin and glucobrassicanapin. In Fe treatments 
the separation was found to be due to sinapoyl malate, 5-hydroxyferuloyl 
malate, caffeoyl malate, valine, and -amino-butyric acid. 
Our results indicate that upon metal exposure, especially in case 
of Cu and Fe treatments, plant produces more amino acids, phenolics and 
glucosinolates. Amino acids and phenolics are reported to have a metal 
chelating effect
275
 indicating that the observed increase in amino acids 
and phenylpropanoids might be a detoxification response of the plant. 
However, high metal concentrations (500 mmol) produced a decrease in 
primary and secondary metabolites as compared with moderate 
concentrations (50 mmol & 100 mmol) which might point to an adverse 
effect of metal ions on primary and secondary metabolism proving the 
toxic effect of metals at high concentrations. 




























































































































SIMCA-P+ 12 - 2009-08-23 13:26:58 (UTC+1) 
control 
Figure 5 – Score plot (PLS-Component 1 vs PLS-Component 2) (A) (Control – O; Cu – C; Fe – 
I; Mn – M ); Control (black-open circle); 50 mmol (); 100 mmol (▲); 250mmol (+); 500 
mmol (); and loading plot (B) (Control, Cu – 1; Fe – 2; Mn – 3) of PLS-DA for Brassica rapa 
leaves, based on whole range of 1H NMR signals ( 0.3 –  10.0). a = glucose, sucrose; b = 
progoitrin, gluconapoleiferin, feruloyl malate, sinapoyl malate, 5-hydroxyferuloyl malate, 
caffeoyl malate; c = alanine, threonine, valine, glutamate, glutamine, glucobrassicanapin. 
 
Figure 6 – Score plot PLS-Component 1 vs PLS-Component 2) (A) (Control – O; Cu – C; Fe 
– I; Mn – M ); Control (black-open circle); 50 mmol (); 100 mmol (▲); 250mmol (+); 500 
mmol (); and loading plot (B) (Control, Cu – 1; Fe – 2; Mn – 3) of PLS-DA for Brassica 
rapa roots, based on whole range of 1H NMR signals ( 0.3 –  10.0). Control (black), Cu 
(blue), Fe (red), Mn (purple). a = sucrose, malic acid; b = valine, γ-amino-butyric acid, 
sinapoyl malate, 5-hydroxyferuloyl malate, caffeoyl malate; c = alanine, threonine, glutamate, 



























































































Plants are known to tolerate metals to some extent but high 
concentrations of available metals affect and induce disorders in the plant 
metabolism.
411
 Disturbance of the metabolism by excessive metal 
appears to happen in multiple ways, causing a reduction of chlorophyll 
content, inhibiting plant growth and respiration, altering the activity and 
quantity of the key enzymes of various metabolomic pathways.
411
 Under 
metal stress, plants produce primary and secondary metabolites which 
increase with increasing metal concentrations up to a certain point, 
beyond which a decrease in primary and secondary metabolite 
concentration was observed.
409
 In general, the primary and the secondary 
metabolites have three major functions, i.e., metal binding, antioxidant 
defence, and signalling.
33
 The increase of phenolic compounds is 
dependent on both the type of metal and its concentration, which 
correlates with  their chelating activity, hydroxyl (OH
-
) scavenging 





Plants can absorb and distribute metals internally in many 
different ways and may localize selected metals mostly in leaves and 
roots.
412
 As a mechanism of metal tolerance or accumulation in plants, 
apparently the response to metal stress is observed in both leaves and 
roots. This response and accumulation of metals is more dependent on 
type of metal rather than metal concentration.
412
 Primary and secondary 
metabolites play a crucial role in stress induced responses of Brassica 
plants, in case of metal ion stresses. These results lead to the better 
understanding of the role of plant metabolites in stress conditions, 
ultimately describing the role of health affecting compounds in plant, 
under stressed conditions. 
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Radish (Raphanus sativus L.) is a well known and commonly 
consumed vegetable all over the world. Its bioactive or nutritional 
constituents consist of a wide range of metabolites including, 
glucosinolates, phenolics, amino acids, organic acids, and sugars. 
However, many of these metabolites are not stable and easily degraded or 
modified during storage. In order to investigate the metabolomic changes 
occurring during post harvest storage, radish samples were subjected to 






C, and –80 
o
C) in 
28 days storage time course. 
1
H nuclear magnetic resonance (NMR) and 
two-dimensional NMR spectra data were subjected to principal 
component analysis (PCA) followed by partial least square-discriminant 
analysis (PLS-DA) to investigate the metabolomic changes. 
A profound chemical alteration, both in primary and secondary 
metabolites was observed. Glucosinolates, phenylpropanoids, amino 
acids, organic acids, and sugars were found to be the discriminating 
metabolites for storage effects. At the start of the storage an increase in 
secondary metabolites (phenylpropanoids, flavonoids and glucosinolates) 
is observed followed by a decrease in these compounds in later stages. 
This loss is high at room temperature while lower at cold and freezing 
temperatures. During the later storage stages, still a high amount of 
primary metabolites is observed. 
 
Keywords: radish (Raphanus sativus L.), storage effect, postharvest 
storage, 
1
H NMR, multivariate data analysis. 
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1 Introduction 
Different post-harvest processing and storage methods are 
reported to retard the degradation of bioactive compounds and to retain 
quality attributes in different vegetables.
89, 413-415
 Post-harvest storage 
(e.g. low temperature storage, freezing, as well as fresh vegetable storage 
at room temperature), industrial processing (drying, blanching, canning 
etc.), and different cooking methods play an important role in 
degradation of Brassica bioactive components.
89
 Effect of post harvest 
storage conditions especially cold storage on plant metabolome has 
always been a controversial issue. Changes may occur due to pure 
chemical conversion (fastest at higher temperature) or to residual 
metabolism of the plants and plant cells after harvesting. The later 
includes the plant response to wounding, infection, drought and 
temperature, which is quite complex and unpredictable as one or more 
responses may be active depending on the conditions. In this study radish 
presents a special case as roots and green parts remain intact as a whole 
plant. 
It is also possible to prevent loss of nutritional value by using a 
lower storage temperature,
35, 416
 as it results in decreased rate of 
metabolism, thus preserving radish quality.
417
 But storage at chilling 
temperature can have both positive and negative effects on vegetables, 
depending on the commodity and the storage temperature.
11
 Altered gene 
expression, e.g. in the response of plants to environmental stimuli, results 
in qualitative and quantitative changes in the metabolome.
35
 The 
constitutive activation of several stress-inducible pathways and different 
kinetics in the accumulation of several metabolites may represent an 
advantage to prepare plants to face low temperature stress conditions.
418
   
The evidence for the importance of health-promoting bioactive 
compounds present in Brassica vegetables has increased in the last few 
years.
419
 Because of the nutritional importance of Brassica metabolites, 
there has been an increasing interest in the evaluation of these 
compounds in postharvest treatments.
420
 Radish is one of the most 
important and worldwide well-known food crop belonging to the 
Brassicacae.
369, 421
 Radish is considered to have health benefits due to the 
presence of sugars, amino acids, organic acids, phenolics, and 
glucosinolates.
101, 125, 400, 422
 Also it is a well established model system for 
plant research.
370, 423, 424
 Like many other vegetables, radish can be 
preserved by storage, pickling, canning or drying
2
 but the chemical 
composition of its nutritional constituents, especially the phenolics is 
Chapter 7 
 108
easily affected by such pre-harvest agronomic and post-harvest 
processing and the storage conditions.
11, 416
  
Phenolics, such as phenylpropanoids play an important role in 
vegetable food quality, such as in appearance, flavour, and antioxidant 
properties.
11
 The key enzyme (phenylalanine ammonia lyase, PAL) in the 
biosynthesis of phenylpropanoids activity is regulated by a diverse array 
of pre-harvest and post-harvest factors.
11
 These phenolic compounds can 
be degraded into other simple phenolics such as vanillic and 
protocatechuic acid
425
 along with other degradation products including 
oxalic, glyoxylic, oxaloacetic, mesoxalic and formic acid.
426
  In addition 
to aforementioned degradation products, Brassica vegetables include 
ascorbigens, which are formed as the result of the reaction between 
ascorbic acid and degradation products of indol-3-yl-methyl-
glucosinolates produced in the myrosinase-catalysed degradation.
427, 428
 
The comprehensive quantitative and qualitative analysis of all 
metabolites within a cell, tissue or organism is a very ambitious goal.
35
 
The components of the metabolome can be viewed as the end products of 
gene expression and define the biochemical environment of a cell or 
tissue. Metabolomics provides  a broad view of the biochemical status of 
an organism
429
 and is largely used to study the phytochemical changes in 
plants.
35 At present no single analytical method can provide information 
about all the metabolites in plants, since the diversity in plant metabolites 
is too large; volatility, polarity, solubility, and chromatographic 
behaviour and detectability differ largely.
27
 So the selection of the most 
suitable analytical method is generally a compromise between speed, 
selectivity and sensitivity.
35
 Nuclear magnetic spectroscopy (NMR) 
based metabolomics is becoming increasingly recognized in research and 
development as a highly reproducible and quantitative method. Although 
NMR is not as sensitive as some other analytical methods, like HPLC, 
MS, etc. But it is a non destructive method and can detect a large number 
and diverse groups of compounds in a single-run.
35, 37
  
A lot of work has been done on the storage stability of vegetables 
after pre-treatment (e.g. blanching, packing, UV etc.) but there is still 
need to study the effect of different temperatures with respect to storage 
time, and without pre-treatment. NMR seems an optimum choice to study 
the overall major changes in the metabolome during cold storage.  
The objective of the present study was to investigate the 
phytochemical changes in radish metabolome at different time points and 
temperatures, with particular focus on compounds related to quality of 
the food plant. To analyze these changes, 
1
H NMR and two-dimensional 
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NMR spectra were used in combination with principal component 
analysis (PCA) and partial least square-discriminant analysis (PLS-DA). 
 
2 Materials and methods 
 
2.1 Preparation of plant material 
Red radish (Raphanus sativus L.) plants were purchased from 
local market. Fresh and healthy plants were selected and washed 
thoroughly with de-ionized water and kept in open air at room 
temperature for half an hour to remove surface water from plant. The 
aerial parts (leaves and petioles) and roots were kept intect during 
storage. 
 
2.2 Storage and sample collection 







C, and –80 
o
C] in open plastic bags and kept in 
dark. Samples from each treatment were collected after each 2 h, 4 h, 6 h, 
12 h, 24 h, 2 d, 3 d, 7 d, 14 d, 21 d and 28 d. After 3 days plants stored at 
room temperature started decaying so further sampling was stopped from 
this condition. Three replicates were used for analysis, with one plant for 
each replication. The aerial parts (mentioned as Leaves) were separated 
from roots and both roots and leaves were immediately frozen in liquid 
nitrogen. Leaves and roots were ground separately in liquid nitrogen and 
freeze-dried, to obtain a fine powder. 
 
2.3 Extraction of plant material and NMR measurements 
Fifty mg of freeze dried material were transferred to a microtube 
(2 ml) to which 1.5 ml of 50% methanol-d4 in D2O (KH2PO4 buffer, pH 
6.0) containing 0.05% TMSP (trimethyl silyl propionic acid sodium salt, 
w/v) was added. The mixture was vortexed at room temperature for 1 
min, ultrasonicated for 20 min, and centrifuged at 13,000 rpm at room 
temperature for 5 min. Eight hundred l of the supernatant was 
transferred to a 5 mm NMR tube. NMR measurements were done as 




2.4 Data analysis 
The 
1
HNMR spectra were automatically reduced to ASCII (v. 3.7, 
Bruker Biospin). Spectral intensities were scaled to trimethylsilyl 
propionid acid sodium salt (TMSP) and reduced to integrated regions of 
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equal width (0.04) corresponding to the region of δ 0.4 – δ 10.0. The data 
were normalised to total intensity. The region of δ 4.7 – δ 4.9 was 
excluded from the analysis because of the possible residual signal of 
water. Principal component analysis (PCA) and partial least square-
discriminant analysis (PLS-DA) were performed with the SIMCA-P 
software (v. 11.0, Umetrics, Umeå, Sweden) by using unit variance (UV) 
scaling method. 
 
3 Results and Discussion 
The 
1
H NMR spectra of methanol water extracts for the healthy 
aerial parts (leaves and petioles) and roots of red radish (Raphanus 
sativus) were studied. Based on NMR spectroscopy of roots and leaves, a 
number of metabolites were identified including amino acids, organic 
acids, carbohydrates, flavanoids, phenylpropanoids and glucosinolates. 
The signals of alanine, threonine, valine, fumaric acid, adenine, gallic 
acid, malic acid, glutamate, glutamine, acetate and GABA (-amino-
butyric acid), were identified in the spectral region of organic and amino 
acids. Five phenylpropanoids (feruloyl malate, caffeoyl malate, sinapoyl 
malate, 5-hydroxyferuloyl malate, coumaroyl malate) and two 
glucosinolates (glucobrassicin and neoglucobrassicin) were identified in 
aromatic region as previously reported by our group.
24, 28, 354
 In addition, 
flavonoids, quercetin-7-glucoside (quercimeritrin) at  6.47 (d, J = 2.2),  
6.75 (d, J = 2.2),  7.07 (dd, J = 8.0, 2.1),  6.81 (d, J = 8.3),  7.21 (d, J 
= 2.2), and two kaempferol  analogues at  8.05 (d, J = 9.2),  6.99 (d, J 
= 9.2),  6.80 (d, J = 2.1),  6.58 (d, J = 2.2) and  8.06 (d, J = 9.2),  
7.03 (d, J = 9.2), 7.26 (d, J = 2.2),  7.15 (d, J = 2.2) were identified. 
These assignments were confirmed by diverse 2D NMR spectra 
including J-resolved, COSY, HSQC, HMBC, and by the comparison with 
reference compounds. 
Principal component analysis (PCA) enables straightforward 
visualization of data similarities or differences in the data set.
35
 Our study 
results were assessed by PCA and also by direct visual comparison of 
1
H 
NMR spectra of different treatments. Using the data collected during this 
study, we examined the effect of storage time and temperature on the 
radish metabolome. Amino acids, organic acids, sugars, 
phenylpropanoids, flavonoids and glucosinolates were found to be the 
major discriminating metabolites (Table 1).  
The leaves and roots spectra are compared in PCA. From these 
PCA results it is also concluded that the change in metabolites of leaves 
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is much higher as compared with the change in metabolites of roots, due 
to the diversity of compounds in leaves. This shows a clear separation of 
leaves and roots in two different groups. Carbohydrates are present in 
high amounts in roots as compared with leaves; on the other hand leaves 
show a high concentration of other primary and secondary metabolites.
27
 
So for the comparison of metabolite profiles, 
1
H NMR spectra of radish 
roots and leaves were analyzed separately by PCA. A clear difference in 
both cases, among different treatments was observed, but still due to a 
large number of samples, there was a massive overlapping of different 
treatments in PCA score plot. So to extract the common factors, the 
samples stored at room temperature and at 4 
o
C along with control, were 
separately investigated (Figure 1 A, B). While the samples stored at –20 
o
C and –80 
o
C were assessed together, along with control in PCA (Figure 
2 A, B). 
After three days of storage at room temperature, yellowing of 
radish leaves was observed, showing the loss of pigments, similar results 
were reported for rocket salad (Eruca sativa Mill.).
128
 At 4 
o
C yellowing 
of leaves was less discernible until 28 days of storage, while at chilling 
temperatures (–20 
o
C  and –80 
o
C) it was negligible as compared with 
samples stored at room temperature. Plants integrate roots in resistance 
and tolerance mechanisms of leaf defence. Roots are not only a storage 
site for plant metabolites but also provide a backup supply of primary 
metabolites to the plant for secondary metabolite production 
430
. Overall 
the roots of radish plants stored at different temperatures showed similar 





C an increase in phenylpropanoids, and a decrease in fumaric acid 
and adenine is observed with increasing storage time (Figure 1 A, B). 
The metabolomic changes still continue even after harvesting the 
plants, e.g. broccoli undergoes losses of sugars, organic acids, and 
proteins within the first 6 hours of harvest, which is followed by increase 
in the free sugars, amino acids, and organic acids.
41, 254
  A continuous 
change in radish metabolites is observed during storage at 4 
o
C and room 
temperature storage, as the result of postharvest physiological stress due 
to non-availability of nutrients. Leaves show high amount of 
phenylpropanoids, gallic acid and malic acid at early storage, while 
amino acids, organic acids and glucosinolates are found to be 
discriminating metabolites for late storage at room temperature and 4 
o
C. 
In roots, phenolic compounds are found in high amounts at late storage, 
but interestingly in both types of samples glucosinolates are found to 
increase in late storage (Figure 1). 
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Figure 1 (A). Score plot (PC1 vs PC2) of PCA for radish leaves, based on whole 
range of 1H NMR signals ( 0.0 – 10.0); control (■), samples stored at 4 oC (∆) and 
room temperature (●);control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 
d (g); 7 d (h); 14 d (i); 21 d (j); 28 d (k);  1 = feruloyl malate, 5-hydroxyferuloyl 
malate, sinapoyl malate, coumaroyl  malate, and caffeoyl  malate, kaempferol, 
quercetin, gallic and malic acid; 2 = Fumaric acid, glucose, sucrose, adenine; 3 = 
threonine, alanine, valine, glutamine, glutamate, glucobrassicin, and 
neoglucobrassicin. 
 
Figure 1 (B). Score plot (PC1 vs PC2) of PCA for radish roots, based on whole range 
of 1H NMR signals ( 0.0 – 10.0); control (■), samples stored at 4 oC (∆) and room 
temperature (●);control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 
7 d (h); 14 d (i); 21 d (j); 28 d (k); 1 = Fumaric acid, adenine; 2 = glucose, malic acid, 
sinapoyl malate; 3 = feruloyl malate, 5-hydroxyferuloyl malate, coumaroyl  malate, 
and caffeoyl malate, kaempferol, quercetin, gallic acid, sucrose, threonine, alanine, 
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In case of cold stored samples (–20 
o
C and –80 
o
C) discrimination 
in metabolites is observed between early storage and final day storage 
due to the presence of high amounts of sucrose, phenolics and 
glucosinolates in early storage samples, and high amounts of amino 
acids, organic acids at late storage. An increase in sucrose and amino 
acids is known as response to cold stress.
418
 A decrease of glucose is also 
observed during storage.  
From the PCA of the results of this study, it can be concluded that 
the decrease in phenolic content differs for different storage 
temperatures. In the PCA score plot, all the samples of the first 24 hours 
were found near to control in PC1 and PC2.If focusing only at the 
phenolic region the PCA shows that a high amount of phenylpropanoids 
and flavonoids is characteristic for the control and early storage (e.g. 
Figure 2).  
When only the initial storage hours are analysed, it is clear that by 
increasing time an increase in phenolics and glucosinolates occurs during 
the early storage. The increase of phenolics and glucosinolates in cold 
stored samples may be correlated to the physiological stress due to the 
chilling injury and non-availability of the nutrients in the start of cold 
storage.
11, 128
 The phenylpropanoids, especially ferulic acid accumulation 
are thought to result in cell wall rigidity to protect it from chilling 
injury.
431
 After some time production of phenolics and glucosinolates 
stalls,
128
 though still an increase of amino acids, and glucose is observed 
(Figure 3).  
A similar behaviour was observed for leaves and roots. Cold 
storage may improve phenolics related quality
11
 as in some cases low 
temperature increases anthocyanins, and hydroxycinnamic acid 
derivatives.
11
 Accumulation of phenylpropanoids in Arabidopsis at low 
temperature is also reported.
418
 An increase in phenylpropanoids during 
early chilling (–20 
o
C and –80 
o
C) storage may protect cells against frost-




At later storage the plant tissue gets frozen and biological activity 
may stop but chemical activity continues and leads to further 
metabolomic changes. Although a separation for different treatments is 
observed in PCA, still some clear markers for the different treatments 
and for the time course would be important. Therefore a supervised 
multivariate analysis method PLS-DA was applied to the data.  The 
grouping was made on the basis of different time periods (twelve groups) 































































































Figure 2 (B). Score plot (PC1 vs PC2) of PCA for radish roots, based on whole range 
of 1H NMR signals ( 0.0 – 10.0); control (■), samples stored at –20 oC (*) and –80 
oC (□); control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 7 d (h); 
14 d (i); 21 d (j); 28 d (k); 1 =  glucose; 2 = feruloyl malate, 5-hydroxyferuloyl 
malate, sinapoyl malate, coumaroyl  malate, and caffeoyl malate, adenine, 
kaempferol, quercetin, glucobrassicin and neoglucobrassicin; 3 = sucrose; 4 = alanine, 













































































Figure 2 (A). Score plot (PC1 vs PC2) of PCA for radish leaves, based on whole 
range of 1H NMR signals ( 0.0 – 10.0); control (■), samples stored at –20 oC (*) 
and –80 oC (□); control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 
7 d (h); 14 d (i); 21 d (j); 28 d (k); 1 =  glucose; 2 = feruloyl malate, 5-
hydroxyferuloyl malate, sinapoyl malate, coumaroyl  malate, and caffeoyl malate, 
kaempferol, quercetin, sucrose, adenine, glucobrassicin and neoglucobrassicin; 3 = 
alanine and threonine, 4 = valine, glutamine, glutamate, and malic acid. 











































Figure 2. 1H NMR spectra of aerial parts of red radish (petioles and leaves) stored at 4 




Figure 4. Score plot (PLS-Component 1 vs PLS-Component 2) (A) and loading (B) 
of PLS-DA, for effect of storage time on radish leaves, based on whole range of 1H 
NMR signals ( 0.0 – 10.0); control (■), samples stored at room temperature (●); at 
4 oC (∆);at –20 oC (*) and –80 oC (□); control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 
24 h (e); 2 d (f); 3 d (g); 7 d (h); 14 d (i); 21 d (j); 28 d (k); 1 = valine; feruloyl malate, 
5-hydroxyferuloyl malate, sinapoyl malate, coumaroyl  malate, and caffeoyl malate, 
kaempferol, quercetin, and neoglucobrassicin, adenine, glucose, glucobrassicin; 2 = 














































































































































































Figure 5. Score plot (PLS-Component 1 vs PLS-Component 2) (A) and loading (B) of PLS-DA, 
for effect of storage time on radish roots, based on whole range of 
1
H NMR signals ( 0.0 – 
10.0); control (■), samples stored at room temperature (●); at 4 
o
C (∆); at –20 
o
C (*) and –80 
o
C 
(□); control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 7 d (h); 14 d (i); 21 d 
(j); 28 d (k); 1 = adenine, glucose, fumaric acid, feruloyl malate, 5-hydroxyferuloyl malate, 
sinapoyl malate, and caffeoyl malate, kaempferol, quercetin, glucobrassicin and 
neoglucobrassicin; 2 = alanine, glutamine, glutamate, valine, and sucrose; 3 = threonine, malic 
acid. 
 
Figure 6. Score plot (PLS-Component 1 vs PLS-Component 2) (A) and loading (B) of PLS-DA, for 
effect of storage temperature on radish leaves, based on whole range of 
1
H NMR signals ( 0.0 – 
10.0); control (■),samples stored at room temperature (●); at 4 
o
C (∆); at –20 
o
C (*) and –80 
o
C 
(□); control (O); 2 h (a); 4 h (b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 7 d (h); 14 d (i); 21 d (j); 
28 d (k); 1 = alanine, valine, threonine, glutamine, glutamate, glucobrassicin, sucrose, -glucose, 
feruloyl malate, 5-hydroxyferuloyl malate, sinapoyl malate, coumaroyl  malate, and caffeoyl 
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 The results of PLS-DA for leaves (Figure 4 A, B) and roots 
(Figure 5 A, B) supports the conclusions of the PCA and further explain 
that with increasing time first an increase in secondary metabolites is 
observed, followed by a decrease in these compounds. This decrease may 
be correlated with the release of breakdown products of plant 
metabolites.
128
 High amounts of primary metabolites including sugars, 
amino acids and organic acids are observed in late storage samples 
(Figure 4, 5). 
The samples stored at 4 
o
C show less separation in PLS-DA from 
control as compared with that stored at room temperature, while samples 
stored at –80 
o
C shows less separation in PLS-DA from control as 
compared with that at –20 
o
C. Comparison of leaves stored at different 
temperatures (Figure 6) shows discrimination for samples stored at room 
temperature, due to glutamine, glutamate, threonine, alanine and 
glucobrassicin, while –20 
o
C and –80 
o
C samples were separated by the 
samples at room and 4 
o
C by adenine, malic acid, and -glucose signals. 
A high amount of phenylpropanoids, flavonoids, neoglucobrassicin, 
malic acid, and sucrose is characteristic for the leaf samples stored at 4 
o
C (Figure 6). 
Low temperature acclimation induces sucrose and organic acids 
in plant. This increases the plant cell tolerance against dehydration and 
freezing injury.
432, 433
 The increase of organic acids and amino acids in 
later storage shows the selectivity and shift of plant metabolomic 
pathways, most suited for its survival. Loss of glucose and secondary 




Storage at –80 
o
C exhibits less metabolomic changes (Figure 3 A, 
B) by decreasing tissue respiration at cold temperature.
96
 The root 
samples stored at room temperature, 4 
o
C and control show separation in 
PLS-DA (Figure 7) due to glucosinolates, phenylpropanoids, sucrose, 
valine, glutamine, glutamate, and fumaric acid, while the samples stored 
at –20 
o
C and –80 
o
C show discrimination due to alanine, threonine and 
adenine. Different preharvest and postharvest factors, including storage 
temperature, significantly affect phenolic degradation or stability.
11
 A 
decrease in anthocyanins in red radish was observed during storage, both 
in light and dark conditions,
434
 while decreasing the storage temperatures 
the loss of phenolic is reduced.
11
 With the results of NMR based 
metabolomic characterization and visual appearance of radish leaves and 
roots, the samples stored at low temperature were found closest to 
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control. By visual assessment the quality of radish stored at 4 
o
C were 
found of acceptable quality, even after 28 days of storage, but samples 
stored at room temperature were not acceptable any more after three days 
of storage. Samples stored at –20 
o
C and –80 
o
C looked fresh but after 
defrosting due to thawing effect, radish roots and leaves were not 


























































































































































Figure 7. Score plot (PLS-Component 1 vs PLS-Component 2) (A) and loading (B) of PLS-DA, 
for effect of storage temperature on radish roots, based on whole range of 1H NMR signals ( 0.0 – 
10.0); control (■); room temperature (●); 4 oC (∆); –20 oC (*); –80 oC (□); control (O); 2 h (a); 4 h 
(b); 6 h (c); 12 h (d); 24 h (e); 2 d (f); 3 d (g); 7 d (h); 14 d (i); 21 d (j); 28 d (k); 1 = glucose, and 
malic acid,  sucrose, valine, glutamine, glutamate, fumaric acid, feruloyl malate, 5-hydroxyferuloyl 
malate, sinapoyl malate, coumaroyl  malate, and caffeoyl malate, kaempferol, quercetin, 
glucobrassicin, neoglucobrassicin; 2 = alanine, threonine, adenine. 
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4 Conclusion 
Multivariate data analysis method is a promising method to find 
biomarker compounds relative to storage at different time and storage. 
Radish roots show least metabolomic changes as compared with leaves, 
when compared in PCA. While focusing on effect of temperature, least 





C, these temperature conditions are found comparatively best for 
experimental purpose and it is advantageous to keep the vegetable 
samples at –80 
o
C, for research sampling. But in this case the post-
storage physical quality of radish is not acceptable as freezing destroys 
the structure and after thawing massive changes in the metabolome 
occur. Adenine, malic acid in leaves while adenine, alanine and threonine 
in roots, are found as discriminating metabolites for the storage 
temperature of –20 
o
C and –80 
o
C. A rapid increase of glucosinolates 
until the later storage time is studied at room temperature and 4 
o
C. 
While at –20 
o
C and –80 
o
C an increase in these compounds is observed 
at early storage only. Brassica vegetables offer a good basis for the 
development of healthy food, however vegetable storage has a critical 
role in the preservation of these compounds so further research is needed 
to study these compounds in relation to their breakdown products. 
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Table 1 – A: Effect of different temperatures on the metabolites of red radish aerial 
parts (petioles and leaves) at 20 oC, 4 oC, –20 oC and –80 oC. Increase until late storage 
(+); decrease until late storage (–); increase in initial storage and decrease in late storage 
(+–). 
 
 20 oC 4 oC –20 oC –80 oC 
Adenine + + + + – 
Fumaric acid + + + – + – 
Galic acid – + – – – 
Glutamine and glutamate  + + + – + – 
Malic acid – – + – + – 
Alanine and threonine + + + + – 
Valine + + + – + – 
Glucose + + – –  
Sucrose + + + – + – 
Glucobrassicin and neoglucobrassicin + + + – + – 
5-hydroxyferuloyl -, caffeoyl -, coumaroyl -, 
feruloyl -, and sinapoyl malate  
+ – + – + – + – 
Flavonoids + – + – + – + – 
 
Table 1 – B: Effect of different temperatures on the metabolites radish roots at 20 oC, 4 
oC, –20 oC and –80 oC. Increase until late storage (+); decrease until late storage (–); 
increase in initial storage and decrease in late storage (+ –). 
 
 20 oC 4 oC –20 oC –80 oC 
Adenine – – – – 
Fumaric acid – – – – 
Galic acid + + + – 
Glutamine and glutamate + + + + – 
Malic acid + + + + – 
Alanine and threonine + + + + – 
Valine + + + + – 
Glucose + – + – – – 
Sucrose + + + – + 
Glucobrassicin and neoglucobrassicin + + + – + – 
Sinapoyl malate + – + – + – + – 
5-Hydroxyferuloyl -, caffeoyl -, coumaroyl -, 
and feruloyl malate  
+ + + – + – 
Flavonoids + + + – + – 
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Brassicaceae vegetables are a good source of food around the 
world. Previously a diverse range of metabolites have been reported from 
this genus with regard to human nutrition. Extensive data are available on 
the biological activities of primary and secondary metabolites of Brassica 
plants, such as antioxidant, anticancer, and antimicrobial activity. For the 
active compounds include among others are phenolics, glucosinolates, 
and sterols. Among other vegetables Raphanus sativus L. (red radish) is 
an important member of Brassicaceae, well known as food and as a 
model system for plant research.  Red radish extracts were evaluated for 
antibacterial, acetylcholine esterase inhibition, CB1 and Adenosine A1 
receptor binding activity. Although showing to be little active, it is 
concluded that radish extract did not show significant activity for any of 
aforementioned assays. We can conclude that radish can be used as a 
food, rather than considering as a medicinal plant with higher 
pharmacological value. 
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1 Introduction 
Several species belonging to the Brassica family have been used 
as food since time immemorial. In recent years it has been shown that 
these plants have a high content of diverse health-promoting antioxidant 
metabolites such as polyphenols 
58




55, 56, 89, 190
 A part from nutritional value to 
human and animal populations, these phytochemicals have a role in the 
plant response to different stress factors.
19
 Throughout the course of 
growth and development, plants are exposed to various environmental 
factors, both of biotic and abiotic character,
18, 27
 which ultimately results 




There is currently much interest in identifying phytochemicals 
with health promoting biological activity in food.
60
 Glucosinolates and 
their hydrolysis products, common in cruciferous plants (Brassicaceae 
family) including Brassica species, were found to possess antitumor 
activities.
167, 223
 Also phenolics as antioxidants and antimicrobial 
compounds are now well-known,
29, 173, 392
 while antifungal activity of 
Brassica phytoalexins was also reported.
341, 346
  
Radish (Raphanus sativus L.) contains such health promoting 
(poly)-phenolics, flavonoids and glucosinolates. In the present study 
radish leaves and roots extracts were tested for some biological activities 
with general interest, acetylcholine esterase inhibition in connection with 
treating the symptoms of alzheimer disease, CB1 and adenosine A1 
receptor binding in connection with possible affects on appetite, obesity, 
anorexia, bulimia and also antimicrobial activity which has several 
potential uses. The aim of present work is to investigate the potential of 
bioactive compounds present in radish, for different biological activities. 
 
2 Materials and methods 
 
2.1 Preparation of plant material 
Red radish (Raphanus sativus L.) plants were purchased from 
local market for acetylcholine esterase assay, while for the other 
bioactivities, the plant material was grown in green house conditions, 
until six week plant age. Fresh and healthy plants were selected and 
washed thoroughly with de-ionized water and kept in open air at room 
temperature for half an hour to remove water from plant surface. Roots as 





2.2 Extraction of plant material 
The dried plant material was extracted 3 times with 100% MeOH  
by ultrasonication at room temperature for 30 min. Extract was dried by 
rotary evaporator, resulting in 148 g of dry methanol extract. It was 
suspended in deionized water. This was partitioned successively with n-
hexane and chloroform. The resulting fractions were taken to dryness. 
For different bioactivity assays, fresh plant material was produced every 
time. In case of acetycholinesterase inhibitors isolation a large scale 
extraction was done, with plant material purchased from the market. 
Leave and root extracts (chloroform and n-hexane) were analyzed for 
adenosine A1 and CB1 receptor binding activities. 
 
2.3 Acetylcholine esterase inhibitory activity 
Acetylcholine esterase inhibitory activity was evaluated by using 
the Ellman’s reagent in combination with thin layer chromatography 
(TLC) as previously reported.
435
 To determine the false positive activity 
the same method with a modification is used as previously reported.
436
 
Microplate reader (HTS 7000 Bio Assay Reader, Perkin Elmer, USA)  
was used to measure the absorbance at 405 nm for the enzyme reaction in 
the microplate assay as previously reported.
437
 Fluorimetric method is 




2.3.1 Bioassay guided fractionation for acetylcholine esterase 
inhibitory activity. 
The chloroform fraction was sub-fractioned on a silica gel column 
by a stepwise gradient of chloroform – ethyl acetate (1: 0 → 0:1), and 
final elution with methanol in the end for chloroform fraction. For the n-
hexane fraction the eluent was a gradient of n-hexane – ethyl acetate (1:0 
→ 0:1), and final elution with methanol. Chloroform extract resulted in 
142 sub-fractions, n-hexane extract provided 45 sub-fractions. These 
fractions were pooled according to evaluation with analytical TLC. The 
fractions showing AChE inhibition in the TLC method were further 
processed by preparative TLC. After each step an analytical TLC 
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2.4 Adenosine A1 and cannabinoid CB1 receptors binding 
activities of radish extract. 
Radish leaves and roots were evaluated for adenosine A1 (Table-
1) and cannabinoid CB1 (Table-2) receptor binding activities. Extraction 
of plant material was done similar as for acetylcholine esterase inhibitory 
activity. Adenosine A1 receptor binding activity was done by the method 
as previously reported by our group,
439
 while CB1 activity was done as 




2.5 Antibacterial activity 
Bacterial growth inhibition by the extract (methanol-water: 1-1) 
of radish leaves and roots was evaluated by spectrophotometer (HTS 
7000 Bio Assay Reader, Perkin Elmer, USA) at 590 nm by using 96 well 
plates, as reported in literature.
441
 Methanol-water extract was evaporated 
and 80 mg/ml stock solution was prepared in milli-pore water. Series of 
dilutions (40, 20, 10, 5 and 2.5 mg/ml) were prepared to test the 
antibacterial activity. Different bacterial strains (Staphylococcus aureus, 
Escherichia coli, Salmonella typhimurium and Bacillus subtilis) were 
used. 
 
3 Results and Discussion 
Brassica vegetables are considered to be a good source of 





anti-inflammatory and antibacterial properties.
173
 In our previous studies 
we found that particularly radish was rich in plant metabolites (see 
chapter 4 and 7, and Table 1 in chapter 8) comparing to some other 
Brassica species. Therefore this species was chosen for further studies on 
biological activities. 
Acetylcholine esterase inhibitory activity was done on radish 
roots and leaves. Chloroform and n-hexane fractions were found active 
after fractionation of the methanol (100%) extract of red radish roots. 
The TLC false positive test was done throughout the fractionation and 
isolation work. Two spots from chloroform fraction were identified as 
real positive, while all the spots from n-hexane fraction were found to be 
false positive for acetylcholine esterase inhibitory activity. These two 
compounds in chloroform fraction were identified as 4-methoxy-1H-
indole-3-carboxaldehyde (4methoxy-I-3-C) (Figure 1 A) and 1H-indole-
3-carboxaldehyde (I-3-C) (Figure 1 B), by using 
1
H NMR, J-resolved, 




used as reference compound, showing IC50 of 4.55 M concentration. At 
the same conditions the IC50 of 4-methoxy-I-3-C was 6.604 mM and of 
I-3-C was 3.07 M.  
Acetylcholine esterase inhibitory activity is well reported for 
alkaloids,
442
 but the presence of an aldehyde group in these compounds 
make the results suspicious, so these compounds were further assayed for 
the confirmation of the acetylcholine esterase activity by using the 
fluorimetric method as previously reported.
443
 The identified compounds 
didn’t show any activity by this method. So it is concluded that the 
activity assayed by Ellman’s method was false positive, which was not 
detected by the false positive activity test, showing the limitation of 
Ellman’s reagent. So at the end no active compound for acetylcholine 
esterase inhibitory activity was found in red radish.  
                
 
 
Figure 1: 4-methoxy-1H-indole-3-carboxaldehyde (A) and 1H-indole-3-
carboxaldehyde (B) 
 
Table 1 – Dry weight of plant material, methanol as crude extract, and extracts of  
radish leaves, radish roots, Brussels sprout and broccoli, after fractioned with n-hexane, 
chloroform and water. 
 
For the antimicrobial analysis, different concentrations of the 
radish root and the leave extract (Methanol: water – 1:1) have been 
evaluated. Positive (ampicillin) and negative (without any extract and 








Dry Weight (g) 50 50 50 50 
Methanol (crude extract) (g) 12.675 25.1 18.046 14.941  
n-Hexane (g) 2.531  0.410  0.536  01.007  
Chloroform (g) 0.046 0.271 0.359 0.040 
Water (g) 8.364  23.796 15.859 11.228 
A B 
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decrease in bacterial growth was observed in case of radish root extract, 

































The reduced growth as compared with negative control is not 
considered as significant as still at 40 mg/ml concentration bacterial 
growth was observed. Even in some cases, an increase in bacterial 
growth is observed for different extracts. May be a pure isolated 






















Figure 2 A: 
Antibacterial activity 
of Raphanus sativus 
(red radish) leaves,  for 





























Figure 2 B: 
Antibacterial activity 
of Raphanus sativus 
(red radish) roots, for 











activity, but from these results it can be concluded that red radish is not a 
good source of antibacterial compounds. 
Possible CB1 and adenosine receptor binding activities were 
evaluated as these activities are related with regulation of food intake and 
thus with obesity, and other food related diseases. Although some 
activity was observed in methanol crude extracts. The factions obtained 
by liquid-liquid partitioning showed relatively higher activities, with a 
relatively high activity in the n-hexane fraction. But from the 
1
H NMR 
spectra of the n-hexane fraction it is concluded that it contains a high 
amount of unsaturated fatty acids, that may be responsible for the high 
activity of this fraction, as unsaturated fatty acids can bind to membranes, 




Table 2 – Adenosine (A1) and CB1 receptor inhibition activity for different fractions of 
radish leaves and roots. 
 
4 Conclusion 
It is concluded that although radish may have some bioactive 
compounds, quantitatively these compounds are not present in a major 
concentration. Either these compounds may not be present in sufficient 
amounts to ascribe radish for any medicinal use. But radish may affect 
human health by providing a good source of vitamins, sugars, amino 
acids and glucosinolates (chapter 4). 
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 Adenosine A1 inhibition (%) CB1  inhibition (%) 
 Radish leaves Radish roots Radish leaves Radish roots 
Methanol (crude 
extract) 
8.5 9.3 3.1 13.1 
n-Hexane 76.7 73.4 74.6 42.2 
Chloroform 25.8 7.7 34 35 
Water 28.2 36.1 48 10.6 
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General Discussion and Conclusion of the Thesis 
Brassica vegetables are a rich source of health affecting 
compounds and are widely used as food, moreover they are a model for 
plant science research. These vegetables represent a major part of the 
human diet all over the world providing nutritionally significant 
constituents, such as phenolic compounds, vitamins, fibres, soluble 
sugars, minerals, fats, and carotenoids. 
The metabolome changes during plant growth, which represents 
the changes in metabolomic fluxes through different pathways. The 
present study shows the importance of plant age as a factor for nutritional 
value of vegetables for human consumption and suggests that young 
plants are a better source of nutrients as compared with old plants. 
During growth, plants are exposed to various biotic (e.g. 
herbivory, fungal, bacterial and/or viral infection) and abiotic (e.g. 
metals, UV, temperature, drought) stresses. The metabolomic changes 
can be quite specific, since the plant defence-related compounds are 
composed of a variety of constitutive and induced metabolites. The set of 
Brassica metabolites differs after infection with different microorganisms. 
Plant response to bacterial stress depends on the type of invading 
bacteria. It probably reflects the diverse chemical composition and 
mechanism of action of the invading organism, which can at the same 
time may activate gene expression and block specific steps of a 
metabolomic pathway in the plant, or even metabolize the plant defence 
compounds. 
Under metal stress, plants produce primary and secondary 
metabolites which increase with increasing metal concentrations up to a 
certain point, beyond which primary and secondary metabolite 
concentration decreases. The increase of phenolic compounds is 
dependent on both the type of metal and its concentration. Apparently the 
response to metal stress is observed in the both leaves and roots, which 
could be due to metal tolerance mechanisms or metal accumulation in the 
whole plant. This response and accumulation of metals is more 
dependent on type of metal rather than metal concentration. 
Postharvest storage temperature is also crucial for the 
metabolomic variation in vegetables. By decreasing the temperature the 
rate of metabolomic variation decreases. As compared with room 
temperature, lower metabolomic variation happens in the vegetables 
stored at 4 
o
C, but least metabolomic changes are observed in the samples 
stored at –20 
o
C and –80 
o
C, although due to freezing injury  higher 
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amount of phenolics are observed, but with further increasing the time 
this stabilizes. The storage temperature of 4 
o
C is comparatively better 
for consumption purpose, but for experimental purpose it is advantageous 
to keep the vegetable samples at –80 
o
C. 
As aforementioned, in nature plants have multitrophic 
interactions during growth and developmental processes.
255
 The power of 
metabolomics analytical methods is the analysis of wide spectra of 
compounds resulting in a huge data set in an unbiased and 
comprehensive manner.
445
 These enormous metabolomic data sets can be 
assessed by multivariate analysis, usually stating with an unsupervised 
method such as principal component analysis (PCA). To understand the 
specificity of the interactions of the plant and its environment a large 
amount of data on to Brassica was obtained concerning the effects of the 
defence signal compounds, such as jasmonic acid, salicylic acid, and 
furthermore of infection with pathogenic and non pathogenic fungi, as 
well as human pathogenic bacteria and metals. Effects were measured at 
different developmental stages of the plant. Finally also the effect of 
storage for different periods and temperatures was evaluated. An overlap 
of different treatments was observed that needs to be studied in more 
detail.  
To try to make a clear overall picture, as a next step data from all 
experiments described in this thesis for leaves (Figure 1) and roots 
(Figure 2), covering a period of 4 years were subjected to PCA analysis. 
A clear discrimination in the PCA score plot is observed for the plant 
species. But also the metabolomic changes observed for the different 
treatments of the same species are visible in these PCA score plots. For 
the loading plot it was concluded that serine, glucose and sucrose are 
higher in the plants grown in hydroponic conditions and infected by food 
born bacteria (in accordance with the analysis made in chapter 5), while 
glucosinolates and phenylpropanoids were found in higher amounts in 
radish stored at different storage temperatures for different time period 
(in accordance with the analysis made in chapter 7). When focusing on 
stored radish, the initial storage samples were found to be higher in 
glucosinolate and phenylpropanoids. GABA and alanine are found to be 
as discriminating metabolites for B. rapa samples treated with metals 



























The samples for different developmental stage (conform chapter 
4) were grouped together near post harvest stored radish. The 
discrimination of these samples from post harvest stored radish and metal 
affected plants is due to the higher amount of sucrose, serine and glucose. 
A similar result is obtained for root samples of all experiments, except 
that hydroponically grown plants are not included, as in that case we 
could not generate root samples. Partial least square-discriminant 
analysis (PLSDA) as a supervised method of analysis was used to 
analyse the same data. The grouping was made on the classes based on 
experimental conditions. A similar result was obtained as with the PCA 
analysis (Figure 1). From the results it is obvious that the different 
treatments applied did result in different responses of the plant, though in 
part they do overlap. Plants apparently have specific responses to 
different forms of stress. Signal compounds like methyljasmonate and 
salicylate, also have overlap with these responses. The good news of this 
final overall analysis is that a metabolomics approach does allow 
datamining in results obtained in different experiments done over the 
Figure 1: Score plot (PC1 vs PC2) of PCA for leaves (A) and roots (B). Brassica rapa 
stressed with metals (as in chapter 6) (▲), Effect of post harvest storage time and 
temperature on Raphanus sativus (as in chapter 7) (●), Change in Brassica rapa and 
Raphanus sativus metabolome at different developmental stages (as in chapter 4) (∆), Effect 
of food born bacteria on Brassica rapa in hydroponic conditions (as in chapter 5) (□). 1 = 
GABA, alanine, acetate, threonie ; 2 = feruloyl malate, 5-hydroxyferuloyl malate, sinapoyl 
malate, coumaroyl  malate, and caffeoyl  malate, kaempferol, quercetin, gallic and malic 
acid, fumaric acid, valine, glutamine, glutamate, glucobrassicin, gluconapolefrin, progoitrin 
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years and results in the conclusion that plants differ in specific responses 
to different forms of stress.  The ''bad'' news of this discovery is that to 
learn for understanding the regulation of plant defence is even more 
complex than originally anticipated. 
Figure 1-A: Loading plot (PC1 vs PC2) of PLSDA for leaves (A) and roots (B). Brassica 
rapa stressed with metals (as in chapter 6) (a), Effect of post harvest storage time and 
temperature on Raphanus sativus (as in chapter 7) (b), Change in Brassica rapa and 
Raphanus sativus metabolome at different developmental stages (as in chapter 4) (c), 
Effect of food born bacteria on Brassica rapa in hydroponic conditions (as in chapter 5) 
(d). 1 = GABA, alanine, acetate ; 2 = feruloyl malate, 5-hydroxyferuloyl malate, sinapoyl 
malate, coumaroyl  malate, and caffeoyl  malate, kaempferol, quercetin, gallic and malic 
acid, fumaric acid, valine, threonie, glutamine, glutamate, glucobrassicin, gluconapolefrin, 





















































 The presence of health promoting constituents, such as phenolics, 
glucosinolates, amino acids, vitamins, sugars, fibre etc. makes 
Brassicaceae plants healthy food. The combined presence of antioxidant, 
anticancer and antimicrobial compounds seems to distinguish Brassica 
vegetables from many other vegetables, however, the active compounds 
are present only at low levels and certainly not at a level that could make 
these vegetables a medicinal plant. Rather one should see the presence of 
the various biologically active compounds as proof for the health 
sustaining, or supporting character of Brassica vegetables. 
Metabolomics aims at both the qualitative and quantitative 
analysis of all metabolites, and but no single method can analyse all the 
metabolites in a single run. In this scenario we have to select a good 
method by keeping resolution, reproducibility, sensitivity, sample 



























Figure 1-B: Loading plot (PC1 vs PC2) of PLSDA for leaves (A) and roots (B). 
Brassica rapa stressed with metals (as in chapter 6) (a), Effect of post harvest storage 
time and temperature on Raphanus sativus (as in chapter 7) (b), Change in Brassica 
rapa and Raphanus sativus metabolome at different developmental stages (as in 
chapter 4) (c), Effect of food born bacteria on Brassica rapa in hydroponic conditions 
(as in chapter 5) (d). 1 = GABA, alanine, acetate ; 2 = feruloyl malate, 5-
hydroxyferuloyl malate, sinapoyl malate, coumaroyl  malate, and caffeoyl  malate, 
kaempferol, quercetin, gallic and malic acid, fumaric acid, valine, threonie, glutamine, 
glutamate, glucobrassicin, and neoglucobrassicin, glucose; 3 = Serine; 4 =  sucrose, 
gluconapolefrin, progoitrin. 
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Although HPLC and MS are highly sensitive analytical 
techniques and used for plant metabolomic studies but in my view NMR 
is an excellent tool to have a macroscopic view on the plant metabolome 
due to its high resolution, reproducibility, ease of sample preparation and 
sample handling. Thus the use of NMR is of great interest in functional 
genomics and systems biology studies of biological processes. For the 
identification of metabolites the use of various 2D NMR methods can 





In order to be able to draw conclusions from a systems biology 
study using metabolomics, it is in particular important to use both the 
analytical method and the data analysis in an unbiased holistic manner.
445
 
NMR analysis coupled with multivariate data analysis techniques are 
well known recently for metabolomic studies in plants.
388
 As NMR is 
used to study a wide range of diverse group of metabolites to analyse in a 
single run, it is advantageous to use multivariate data analysis tools for 





Clear evidence for health promotion by phytochemicals and/or 
their breakdown products is still missing, so further research work is 
needed by using in vivo experiment. A major constraint is the question of 
the required dose to have optimal effect. This is a matter of content of the 
active compounds in the vegetables, the amount eaten, and the actual 
amount absorbed in the body. All are quite variable and consequently 
food will never become a medicine, at best health supporting items in our 
diet. Brassica plants can be biofortified and further research work can be 
carried out in this aspect, but metabolic variation during biofortification 
should monitored constantly during this process. 
Studies on phytonutrients and health, taking sensory factors and 
food preferences into account, constitute an important area of research. 
Through selective breeding or genetic improvement these compounds 
may be enhanced in plants. 
However environmental effects will cause changes in the 
metabolome, particularly multitrophic interactions of Brassica, under 
stress conditions are still unclear. Further research work is needed to 
study the above ground and below ground multitrophic interactions of 
plants in connection with phytonutrients. 
An increased insight into plant-microbe interaction may allow the 
detection of contaminants, in this case, pathogenic bacteria in vegetables 
and fruits, thus helping to ensure safety for human consumption. In 
plant–microbe interactions, it is very important to analyze the microbial 
volatiles that play a role for immediate activation of the defence 
mechanisms in plant tissues. 
After post-harvest storage at freezing temperatures, the physical 
quality of radish was not acceptable anymore and thawing caused vast 
metabolomic changes. Proper drying method should be used to deal with 
such expected metabolomic changes. Further research is needed to study 
the production and degradation of primary and secondary metabolites 
during storage, with relation to their breakdown products. 
As an important group of health affecting compounds in 
Brassicaceae, the glucosinolate content as response of plant to external 
stimuli should be evaluated in more detail, in relation to the response of 
plant to external stimuli. 
Brassica phytochemicals, especially glucosinolates are well 
known for biological activities, including anticancer and antioxidant 
activities. But their actual function or the mechanism has not yet been 
General discussion, conclusion and future perspectives 
 137 
fully elucidated. Glucosinolates are known for their anti-nutritional 
affects, and also certain compounds like phenolic acids, tannins etc. may 
so form anti-nutritional complexes. A better understanding of molecular 
and cellular mechanism for the phytochemicals and their breakdown 
products will be helpful for considering these compounds as health 
affecting compounds, in positive or negative manner, particularly in 
connection with obesities.  
Undoubtedly, all these efforts should contribute to provide the 
means of controlling these different defence systems, leading to the 
development of more resistant plant varieties ultimately providing higher 
yields along with higher nutritional value. 
Summary  
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Summary of the Thesis 
Vegetables have always been considered as healthy food. 
Brassica vegetables are well known all over the world as a common food 
containing health affecting compounds (Chapter 2). A vast amount of 
data is available for health promoting compounds in Brassicaceae 
vegetables. These health promoting affects are due to a  range of 
phytochemicals including primary (carbohydrates, amino acids and 
organic acid) and secondary metabolites (phenolics and glucosinolates), 
along with vitamins and minerals. These metabolites are interconnected 
through different biosynthetic pathways and are affected by different 
external stimuli. Plant metabolic responses are specific for different kinds 
of stress, but use in part similar metabolic pathways (Chapter 3). Certain 
internal or external factors play an important role for the metabolite 
profile of vegetables, thus changing the nutritional value for human 
(Chapter 4). These factors are related to the plant response to external 
stress factors (Chapter 5, 6, 7), helping the plant to survive. The aim of 
this thesis was to study the Brassica phytochemicals and their response to 
stress factors by using a holistic analytical approach. 
 
General overview of stress induced metabolomic response of 
Brassicaceae 
A significant quantitative metabolomic variation among different 
species of Brassica is reported, showing a nutritional distinction of these 
species. During growth and development, the plant has to cope with a 
number of stress factors. These include attack of animals, insects, 
pathogens, and/or metal, UV, temperature, and drought stress. These 
external stimuli or the internal physiological growth regulation is known 
to lead to the inactivation or enhancement of various metabolic pathways 
resulting in qualitative and/or quantitative changes in plant metabolite 
production. In nature plants are exposed to multiple stresses at the same 
time, so there is natural selection pressure for them to evolve coordinated 
rather than conflicting defence mechanisms 
247
 (Chapter 3). 
Although an enhancement of secondary metabolite production is 
observed when plants are under stress, this change seems specific in 
terms of the type of interaction. It might depend on the nature of stimuli 
and/or invading microorganism, that could specifically activate or 
supress gene expression and induce or block specific sites of a 
metabolomic pathway, or even result in catabolism of the plant defence 




Metabolomic assessment of Brassica rapa (va. raapstelen) and 
Raphanus sativus L. 
Brassica rapa (var. raapstelen) and Raphanus sativus (red radish) 
are well known model systems in recent plant research. Metabolomic 
data can be misleading if not all the factors affecting the plant growth are 
taken into consideration. The concentration of primary and secondary 
metabolites is also dependent on the plant age.
28
 Metabolomic variation 
during the three developmental stages has been assessed (Chapter 4). 
Metabolomic characterisation was done by following a two way 
analytical approach, i.e. a non targeted metabolomic study by NMR, and 
a targeted study of certain metabolites by HPLC. All the results either by 
NMR or HPLC were statistically analyzed by PCA, showing 
metabolomic changes for both species at different growth stages. Amino 
acids, organic acids, chlorophyll, carotenoids, tocopherols, ascorbic acid, 
sucrose, phenylpropanoids and glucosinolates are evidently the 
discriminating metabolites in this study. In plant species, the 
metabolomic variation is both spatial and temporal, and different trends 
under similar conditions may be observed for the species (Chapter 4). 
These results confirm the change in plant metabolomic pool with respect 




Metabolomic response of Brassica to preharvest bacterial 
contamination 
An inducible cell defence response activates different 
metabolomic pathways leading to altered production of certain primary 
and/or secondary metabolites in Brassica. These plant self-protective 
responses,
392
 are activated upon recognition of signal molecules from 
pathogens
391
 or the stimuli from the chemical environment.
352
 
Although the interaction of plants to plant pathogens is 
extensively studied, this is not the case for interaction with human 
pathogens, which may spread in the environment, especially in land 
irrigated directly or indirectly by drainage / sewage water. In this 
scenario we cannot exclude the possibility of the interaction of these 
microbes with vegetables, even if visual symptoms for this interaction 
cannot be observed. In order to investigate Brassica interaction with 
typically foodborne bacteria such as Bacillus subtilis, Staphylococcus 
aureus, Escherichia coli, Salmonella typhimurium and Shigella flexneri, 
1
H NMR in combination with PCA and PLS-DA treatment of the data 
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was applied to B. rapa which had been subjected to these pathogens 
(Chapter 5).  
A microbial class (gram-positive and gram-negative) dependent 
response of B. rapa was easily seen by PCA analysis and even by a 
visual comparison in case of differentially treated plant samples. A 
higher production of secondary metabolites was observed in the plants 
under stress by bacteria. Specifically notable is the higher production of 
GABA in Bacillus infested plants, while generally higher amount of 
phenolics were observed in bacterial infected plants as compared with 
control and blank. A systemic induced resistance thus to be induced by 
the bacteria. Generally threonine and -amino butyric acid (GABA) were 
found to be the discriminating metabolites in gram-positive bacteria 
treated plants, as compared with those treated with gram-negative 
bacteria that on the other hand exhibited a significant increase in sinapoyl 
malate, caffeoyl malate and histidine (Chapter 5). In case of 
microorganisms certain volatiles are produced that play a pivotal role in 
SAR, especially in case of Bacillus spp. it is quite clear from the 
literature that 2,3-butandiol, produced by these bacteria plays an 
important role in systemic induced resistance of plants. Such microbial 
volatiles may trigger certain biochemical changes in primary and 




Metabolomic response to metal stress 
Rapid industrial development along with extreme changes in 
atmospheric conditions around the globe made the environment 
threatening for plant development because of contaminated air and soil. 
In these circumstances, plants may have to deal with high concentration 
of metal ions, resulting in changes in plant metabolism.
411
 This 
metabolomic alteration results in the activation of multiple metabolomic 
ways, by varying the activity and quantity of key enzymes of different 
metabolomic pathways.
411
 Apparently this response of plant to stress is 
observed in the both leaves and roots.
412
 
Results of the present study indicate that plants grown in higher 
levels of metal ionic conditions increase the production of amino acids, 
phenolics and glucosinolates. Among these amino acids and phenolics 
are reported to have a metal chelating effect
275
 indicating that the 
observed increase in amino acids and phenylpropanoids might be a 
detoxification response of the plant. However, high metal concentrations 
(500 mmol) produced a decrease in primary and secondary metabolites as 
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compared with moderate concentrations (50 mmol & 100 mmol) which 
might point to an adverse effect of metal ions on primary and secondary 
metabolism due to the toxic effect of metals at high concentrations 
(Chapter 6). 
 
Metabolomic response to post harvest storage time and temperature 
Vegetables travel long ways from field to cooking pan. The 
preharvest growth conditions are known to severely affect the plant 
metabolome, but postharvest storage conditions also play a crucial role 
for the nutritional character of vegetables. During the storage period 
radish plants show an increase in glucosinolates and phenolics with a 
subsequent decrease in these compounds during long term storage 
(Chapter 7). The decline of secondary metabolites might be due to the 
degradation of these products. This phenomenon depends on the storage 
time and temperature.
11, 434
 In postharvest storage of Brassica vegetables, 
either with the purpose of consumption or for experimental purposes, low 
temperature is known as an important factor. In our study, least 
metabolomic changes were observed in –80 
o
C and –20 
o
C, followed by 4 
o
C and room temperature storage conditions. The samples stored at room 
temperature started to get spoiled after three days of storage. Samples 
stored at 4 
o
C were still looking fresh after 28 days storage time, although 
yellowing of leaves was visible. Samples stored at –20 
o
C and –80 
o
C 
remained unchanged.  
Brassicaceae vegetables are consumed all over the world. The 
presence of a range of phytochemicals (amino acids, glucosinolates, 
flavonoids, vitamins and mineral nutrients), made these vegetables as an 
important source of food for humans and animals. The response of 
Brassicaceae metabolites to preharvest and postharvest factors was 
studied by using a systems biology approach. It is observed that different 
environmental, storage and/or growth factors induce metabolic responses 
in terms of changes of primary and/or secondary plant metabolites 
profiles It is concluded that the aforementioned factors cause changes in 
plant metabolites finally leading to change in quality. 
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Samenvatting van de Thesis  
 
Groenten zijn altijd beschouwd als gezond voedsel. Groenten van 
het genus Brassica worden over de hele wereld als voedsel gebruikt 
(Hoofdstuk 2). Veel kennis is inmiddels beschikbaar over de 
gezondheidsbevorderende stoffen in Brassicaceae groenten. Het 
gezondheidsbevorderende effect hangt samen met een reeks van primaire 
(koolhydraten, aminozuren en organische zuren) en secundaire 
metabolieten (fenolen en glucosinolaten), samen met vitaminen en 
mineralen. De productie van deze metabolieten is met elkaar verbonden 
in biosynthetische netwerken en wordt beïnvloed door verschillende 
externe stimuli. Metabole reacties van de plant hierop zijn specifiek voor 
verschillende soorten van stress, maar gebruiken voor een deel 
vergelijkbare metabole routes (Hoofdstuk 3). Zowel interne als externe 
factoren spelen een belangrijke rol voor de metabolietenprofielen van 
groenten, en veranderen daarmee de voedingswaarde voor de mens 
(Hoofdstuk 4). Met name externe stressfactoren beinvloeden het 
metabolisme van de plant (Hoofdstuk 5, 6, 7). Dit hangt samen met de 
overleving van de plant in zijn omgeving. Het doel van dit proefschrift 
was om de fytochemicaliën in Brassica te onderzoeken, met name in 
relatie tot de reactie van de plant op stressfactoren, gebruikmakend van 
een holistische analytisch-chemische benadering. 
 
Algemeen overzicht van stress-geïnduceerd metabolisme in 
Brassicaceae 
Er zijn duidelijk kwantitatieve en kwalitatieve metabole 
verschillen tussen verschillende Brassica-soorten en varieteiten, die 
daarmee ook een verschil in voedingswaarde hebben. Tijdens de groei en 
ontwikkeling heeft de plant te kampen met een aantal stressfactoren. 
Deze omvatten herbivorie door dieren en insecten, ziekteverwekkers, 
omgevingsfactoren zoals metalen uit de bodem, UV-straling, temperatuur 
en droogtestress. Van het effect van deze externe prikkels op de interne 
fysiologische groeiregulatie is bekend dat ze leiden tot het verhogen of 
verlagen van de flow door verschillende metabole routes, resulterend in 
kwalitatieve en/of kwantitatieve veranderingen in de metabolietproductie. 
In de natuur zijn planten tegelijkertijd blootgesteld aan meervoudige 
stressfactoren, hetgeen resulteert in een continue natuurlijke selectiedruk 




In het algemeen wordt een verhoging van de productie van 
secundaire metabolieten waargenomen bij planten onder stress, en deze 
verandering blijkt specifiek te zijn voor de aard van de interactie. De 
verschillen hangen af van de aard van de stimuli en/of type van micro-
organismen of herbivoren die specifiek genexpressie induceren of 
onderdrukken en daarmee de bijbehorende metabole routes. Katabolisme 
van de plantenafweerstoffen bij infectie door microorganismen kan ook 
een rol spelen (Hoofdstuk 5, 6). 
 
Metabole veranderingen in Brassica rapa (raapstelen Va) en 
Raphanus sativus L 
Brassica rapa (var. raapstelen) en Raphanus sativus (rode radijs) 
zijn bekende modelsystemen in plantenonderzoek. Voordat onderzoek 
gedaan kan worden naar veranderingen in het metaboloom (het 
metabolietenprofiel) onder verschillende experimentele condities moet 
men de veranderingen in het metaboloom kennen tijdens de ontwikkeling 
van de plant. De verschillen in het metaboloom in drie 
ontwikkelingsstadia van de plant zijn daarom eerst bepaald voordat 
verschillende experimenten uitgevoerd werden (Hoofdstuk 4). 
Het metaboloom werd gemeten met twee verschillende 
analytisch-chemische benaderingen, een niet-gerichte analyse met behulp 
van NMR, en een op bepaalde metabolieten gerichte analyse met HPLC. 
Alle resultaten, van zowel NMR als HPLC zijn met behulp van 
multivariaatanalyse bewerkt, waarmee metabole veranderingen voor 
beide soorten in verschillende groeifasen in kaart zijn gebracht. 
Aminozuren, organische zuren, chlorofyl, carotenoïden, tocoferolen, 
ascorbinezuur, sucrose, fenylpropanoïden en glucosinolaten zijn de 
discriminerende metabolieten. Metabole verschillen zijn er zowel in 
ruimte (deel van de plant) als tijd, en er kunnen onder vergelijkbare 
condities verschillende trends worden waargenomen voor soorten 
(Hoofdstuk 4). De gevonden resultaten bevestigen eerdere resultaten van 
ons onderzoek naar verandering van het plantenmetaboloom tijdens de 
groei. 
 
Metabole reactie van Brassica op “pre-harvest” bacteriële 
besmetting 
Wanneer de afweer van een cel wordt geinduceerd dan resulteert 
dat in het activeren van verschillende biosynthesewegen van primaire 
en/of secundaire metabolieten in Brassica. De afweerreactie wordt 
geinduceerd door signaalmoleculen uit de plant zelf, uit pathogenen of 
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herbivoren, maar het is ook mogelijk dat chemische signalen uit de 
omgeving deze reactie kunnen opwekken. 
De interactie van planten met plantpathogene microorganismen is 
in het verleden uitgebreid bestudeerd, maar dit is niet het geval voor 
interactie met menselijke pathogenen Deze kunnen zich verspreiden in 
het milieu, met name in een veld dat wordt geïrrigeerd  met water waar 
riool op geloosd is. In dat geval kan niet uitgesloten worden dat deze 
microben groenten besmetten. Mogelijkerwijs kan een dergelijke 
besmetting leiden tot een afweerreactie van de plant. Om dit te 
onderzoeken werd Brassica behandeld met bacteriën zoals Bacillus 
subtilis, Staphylococcus aureus, Escherichia coli, Salmonella 
typhimurium en Shigella flexneri, die via voedsel overgedragen worden. 
Het effect van een dergelijke behandeling op Brassica rapa werd met 
1
H-
NMR in combinatie met multivariate data-analyse van de gegevens 
onderzocht (Hoofdstuk 5). 
Een van de microbiële klasse (Gram-positieve/Gram-negatieve) 
afhankelijke reactie van B. rapa was duidelijk te zien in de PCA-analyse 
en zelfs door een visuele vergelijking van verschillend behandelde 
planten. Een hogere productie van secundaire metabolieten werd 
waargenomen in de planten onder stress door de bacteriën. Met name 
opvallend is de hogere productie van GABA in door Bacillus aangetaste 
planten, terwijl in het algemeen hogere concentraties van fenolen werden 
waargenomen bij de geïnfecteerde planten in vergelijking met de controle 
en blanco. De humane pathogene bacteriën induceren dus een 
systemische afweerreactie in de plant.  
Threonine en -aminoboterzuur (GABA) zijn de discriminerende 
metabolieten die verhoogd zijn in met Gram-positieve bacteriën 
behandelde planten, in het geval van Gram-negatieve bacteriën zijn het 
sinapoylmalaat, caffeoylmalaat en histidine (Hoofdstuk 5). Micro-
organismen kunnen bepaalde vluchtige stoffen produceren die een 
cruciale rol spelen in de systemische afweer, met name in het geval van 
Bacillus spp. is het bekend dat 2,3-butaandiol wordt geproduceerd dat 
een belangrijke rol speelt in geïnduceerde systemische resistentie van 
planten. Dergelijke microbiële vluchtige stoffen kunnen leiden tot 
biochemische veranderingen in het primair en secundair metabolisme van 






Metabole reactie op stress met metaalionen 
Snelle industriële ontwikkelingen, samen met veranderingen in 
atmosferische omstandigheden over de hele wereld zijn een bedreiging 
voor de groei van planten, onder andere als gevolg van de verontreinigde 
lucht en bodem. Planten moeten zich dan ook vaak aanpassen aan hoge 
concentraties van metaalionen, wat resulteert in veranderingen in het 
plantenmetabolisme. De metabolome verandering wordt veroorzaakt 
door veranderingen in genexpressie die leiden tot veranderingen in de 
activiteit van enzymen in biosynthesewegen. Deze verandering onder 
stress met metaal-ionen wordt waargenomen in zowel de bladeren als de 
wortels. 
Uit de resultaten van deze studie blijkt dat in planten bij hogere 
metaalionconcentraties de productie van aminozuren, fenolen en 
glucosinolaten verhoogd is. Deze aminozuren en fenolen hebben 
mogelijk een metaalion-chelaatvormend effect en kunnen dus een rol 
spelen in de ontgiftingsreactie van de plant. Een hoge concentratie van 
metalen (500 mmol) resulteerde in een daling van de primaire en 
secundaire metabolieten in vergelijking met lagere concentraties (50 
mmol & 100 mmol). Dit zou kunnen wijzen op een negatief (toxisch) 
effect van metaalionen op het primaire en secundaire metabolisme 
(Hoofdstuk 6). 
 
Metaboloomveranderingen tijdens opslag na oogsten 
Groenten leggen een lange weg af van het veld naar de pan. Van 
de groeicondities is het bekend dat zij het plantenmetaboloom bepalen, 
maar ook de bewaarcondities na het oogsten spelen een cruciale rol voor 
het metaboloom en dus de voedingswaarde van groenten. Tijdens de 
opslag van radijsplanten blijkt er eerst een toename van de glucosinolaten 
en fenolen te zijn, maar bij langere opslag dalen de gehaltes weer 
(Hoofdstuk 7). De daling van secundaire metabolieten zou te wijten 
kunnen zijn aan de afbraak van deze producten. Dit fenomeen hangt af 
van de opslagtijd en temperatuur. Voor het bewaren van Brassica-
groenten, voor consumptie of voor experimentele doeleinden, zijn lage 
temperaturen bekend als een belangrijke factor. In onze studie werden de 







C en kamertemperatuur. De bij kamertemperatuur 
bewaarde monsters beginnen te bederven na drie dagen van opslag. 
Monsters bewaard bij 4
o
C leken nog steeds vers na 28 dagen opslag, 
hoewel geelverkleuring van de bladeren zichtbaar was. Opslag bij -20 en 
–80‘C geeft geen visuele veranderingen, alleen na het ontdooien is het 
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materiaal niet meer geschikt als groente. Voor analyse is deze 
bewaarwijze echter de meest geschikte. 
Brassicaceae groenten worden gebruikt over de hele wereld. Het 
spectrum aan fytochemicaliën (aminozuren, glucosinolaten, flavonoïden, 
vitamines en minerale voedingsstoffen) maken van deze groenten een 
belangrijke bron als menselijke en dierlijke voeding. Daarom is de reactie 
van het metabolisme in Brassicaceae planten op verschillende condites 
voor en na oogsten onderzocht met behulp van een systeembiologische 
benadering.  
Verschillende milieu, opslag-en groeifactoren induceren 
verschillende veranderingen in zo wel  primaire en secundaire 
stofwisseling van de planten. De bovengenoemde factoren kunnen 
daarmee ook veranderingen veroorzaken in de gehaltes van de 
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